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1. PURPOSE

As directed by a written development plan (CRWMS M&O 1999a), an analysis of the
degradation of the drip shield and waste package in the engineered barrier system (EBS) of the
Yucca Mountain repository is to be conducted. The purpose of this analysis is to assist the
Performance Assessment Department (PAD) and its Engineered Barrier Performance Section in
analyzing waste package and drip shield corrosion degradation as a function of exposure time
under exposure conditions anticipated in the repository. This analysiswill allow PAD to provide
a more detailed and complete waste package and drip shield degradation abstraction and to
answer the key technical issues (KTI) raised in the Nuclear Regulatory Commission (NRC) Issue
Resolution Status Report (IRSR) for the Container Lifetime and Source Term (CLST) Revision 2
(NRC 1999).

The scope of the current study is limited to the nominal case, i.e., the analysis uses the best
estimates of al corrosion models and simulation parameters. The WAste Package DEGradation
(WAPDEG) model is the integrated model used for the anaysis (CRWMS M&O 1999¢e). The
abstractions of the process models for the corrosion degradation processes considered in this
analysis and the exposure condition parameters for the waste packages and drip shields in the
repository were incorporated into the WAPDEG Model. The output from the WAPDEG analysis
is a set of profiles for the failure (i.e., initial breach) and subsequent number of penetration
openings in the waste package and drip shield as a function of time. In the total system
performance assessment (TSPA) analysis, these analysis results are used as input for waste form
degradation analysis and radionuclide release anaysis from failed waste packages. The
WAPDEG Model is used directly in the TSPA for waste package degradation analysis. The
analyses presented in this report are for the Enhanced Design Alternative I (EDA 1) design that
includes adrip shield placed over the waste package and backfill over the drip shield (see Design
Constraint 2.2.1.1.9 of CRWMS M& O 1999g).

2. QUALITY ASSURANCE

The Quality Assurance (QA) program applies to the development of this waste package and drip
shield degradation analysis documentation.  The Performance Assessment Operations
responsible manager has evaluated the technical document development activity in accordance
with QAP-2-0, Conduct of Activities. The QAP-2-0 activity evaluation, Conduct of Performance
Assessment (CRWMS M&O 1999b), has determined that the preparation and review of this
technical document is subject to Quality Assurance Requirements and Description (QARD)
DOE/RW-0333P (DOE 2000) requirements. Preparation of this analysis did not require the
classification of items in accordance with QAP-2-3, Classification of Permanent Items. This
activity is not a field activity. Therefore, an evauation in accordance with NLP-2-0,
Determination of Importance Evaluations was not required.

ANL-EBS-PA-000001 REV 00 9 April 2000
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3. COMPUTER SOFTWARE AND MODEL USAGE

31 COMPUTER SOFTWARE

3.1.1 Mathcad 2000 Professional

Mathcad 2000 Professional is a commercially available software used in this analysis. This
software, in accordance with AP-SI.1Q, Software Management, is appropriate for this
application as it offers all of the mathematical and graphical functionality necessary to perform
and document the numerical manipulations used in this analysis. Mathcad 2000 Professional
was executed on a DELL PowerEdge 2200 Workstation equipped with two Pentium 11 266 MHz
processors (CRWMS M& O tag 112371) in the Windows NT 4.0 operating system.

3.1.2 Excel 97 SR-2

Excel 97 SR-2 is a commercially available software used in this analysis. This software, in
accordance with AP-SI.1Q, Software Management, is appropriate for this application as it offers
al of the mathematical and graphical functionality necessary to perform and document the
numerical manipulations used in this calculation. Excel 97 SR-2 was executed on a DELL
PowerEdge 2200 Workstation equipped with two Pentium 1l 266 MHz processors (CRWMS
M&O tag 112371) in the Windows NT 4.0 operating system.

3.1.3 WAPDEG 4.0

The WAPDEG software was developed, in accordance with AP-S1.1Q, Software Management,
to implement the models documented in this analysis. The WAPDEG software is currently
unqualified and is used in this analyses and models report in accordance with Section 5.11 of
AP-S1.1Q, Rev. 2, ICN 4. Thefollowing information is used to identify the WAPDEG software:

Software Name: WAPDEG
Software Version: 4.0

STN: 10000-4.0-00

This software was obtained from the Software Configuration Manager in accordance with
appropriate procedures. The WAPDEG simulations were executed on a DELL PowerEdge 2200
Workstation equipped with Dual (2) Pentium Il 266 MHz processors (CRWMS M&O tag
112371) in the Windows NT 4.0 operating system.

WAPDEG version 4.0 is, in accordance with AP-SI.1Q, Software Management, an appropriate
tool for this application, because it was specifically designed to calculate drip shield and waste
package failure profiles in a manner consistent with the information requirements of the total
system performance assessment model. The software was used within its intended range of
validation (CRWMS M&O 1999d).

ANL-EBS-PA-000001 REV 00 10 April 2000
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314 GVP1.01

Software routine Gaussian Variance Partitioning (GVP) was also developed, in accordance with
AP-S1.1Q, Software Management, to implement the abstraction results of the variance sharing of
stochastic model parameters. This software is appropriate for this application as it was devel oped
to implement the results of the analyses. Details of the software routine verification are
presented in Attachment |. The GVP software routine is typicaly compiled as a windows
Dynamic Link Library (DLL) and called by other programs. This routine was developed using
Microsoft Developer Studio 97 Visual FORTRAN 5.0D, Standard Edition. The GVP software
routineisidentified as follows:

Name and Version Number: GVP version 1.01
SRR Document Identification Number: N/A

SRR Media Number (if applicable): N/A

315 MFD1.01

Software routine M anuFacturing Defects (MFD) was developed, in accordance with AP-SI.1Q,
Software Management, to implement the abstraction results of the probability of the occurrence
and size of manufacturing defects in the closure-lid welds of the waste package outer barrier.
This software is appropriate for this application as it was developed to implement the results of
the analyses. Details of the software routine verification are presented in Attachment Il. The
MFD software routine is typically compiled as a windows Dynamic Link Library (DLL) and
called by other programs. This routine was developed using Microsoft Developer Studio 97
Visual FORTRAN 5.0D, Standard Edition. The MFD software routine is identified as follows:

Name and Version Number: MFD version 1.01
SRR Document Identification Number: N/A

SRR Media Number (if applicable): N/A

316 SCCD101

Software routine Stress Corrosion Cracking Dissolution (SCCD) was developed, in accordance
with AP-SI1.1Q, Software Management, to implement the abstraction results of the stress and
stress intensity factor profiles in the closure-lid welds of the waste package outer barrier. This
software is appropriate for this application as it was developed to implement the results of the
analyses. Details of the software routine verification are presented in Attachment I11. The SCCD
software routine is typically compiled as a windows Dynamic Link Library (DLL) and caled by
other programs. This routine was developed using Microsoft Developer Studio 97 Visual
FORTRAN 5.0D, Standard Edition. The SCCD software routine is identified as follows:

Name and Version Number: SCCD version 1.01
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SRR Document ldentification Number: N/A

SRR Media Number (if applicable): N/A

3.1.7 PREWAP 10

Software routine PREWAP was also developed, in accordance with AP-SI.1Q, Software
Management, to extract the data for the time-history of temperature and relative humidity of drip
shields and waste packages, and pH of water contacting the drip shields and waste packages from
various source tables. The extracted data are prepared as an output table in a format that is used
as input to the WAPDEG code. The PREWAP routine is a stand alone executable that does not
operate as a DLL under (TSPA-SR) software. This alows the WAPDEG input to be prepared
independent of (TSPA-SR) software reducing run time for TSPA SR redlizations. This software
is appropriate for this application as it was developed to implement the results of the analyses.
The PREWAP software routine interpolates thermophysical properties (i.e., pH and chloride ion
concentration) as a function of repository exposure conditions (such as temperature and relative
humidity). The thermophysical property input tables used for the PREWAP software do not
cover the entire space of repository exposure conditions over which they are used. The PREWAP
software routine uses bounding values when this situation is encountered. The use of bounding
values has no impact on the results of this AMR because no models used in this analysis are
chemistry dependent, with the exception of the localized corrosion initiation model used for the
Alloy 22 waste package outer barrier (see Sections 4.1.5 and 6.3.10), which uses exposure pH.
However, the localized corrosion initiation model used for the Alloy 22 waste package outer
barrier does not alow for localized corrosion initation at any pH (based on the £4s confidence
interval, see Figure 1). Therefore, the use of bounding values in the PREWAP software routine
has no impact on the results of this AMR. Details of the software routine verification are
presented in Attachment IV. This routine was developed using Microsoft Developer Studio 97
Visua FORTRAN 6.0A, Professional Edition. The PREWAP software routine is identified as
follows:

Name and Version Number: PREWAP version 1.0
SRR Document Identification Number: N/A

SRR Media Number (if applicable): N/A

3.1.8 GoldSim 6.02.006

The GoldSim software (Golder Associates 2000) is used to implement the total system
performance assessment model. The software was used to run the WAPDEG Modd and
implement other component models that are documented in this analysis. The GoldSim software
was used to pass input to the WAPDEG software. The following information is used to identify
the GoldSim software:

Software Name: GoldSim
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Software Version: 6.02.006
STN: 10286-6.02.006-00

This software was obtained from the Software Configuration Manager in accordance with
appropriate procedures. The GoldSim software was executed on a DELL PowerEdge 2200
Workstation equipped with Dual (2) Pentium Il 266 MHz processors (CRWMS M&O tag
112371) inthe Windows NT 4.0 operating system.

GoldSim version 6.02 is an appropriate tool for this application, because it was specifically
designed to call WAPDEG 4.0. The GoldSim code was used within the range of values for which
it was validated.

32 MODELSUSED

The WAPDEG Modéd is documented in this report. The WAPDEG Model is composed of the
WAPDEG code (see Section 3.1.3) and a number of sub-models (abstractions of process level
models), which are implemented within the WAPDEG code. In this Section, these submodels are
discussed. The DTNs, statements of appropriateness for intended use, etc. made for each of these
submodels constitute documentation of the WAPDEG Model which they comprise. The
WAPDEG Model integrates the sub-models for waste package and drip shield degradation with
expected repository exposure parameters to yield waste package and drip shield degradation
profiles appropriate for use in ng the proposed repository at Y ucca Mountain. Degradation
profiles consist of time histories of the first failure (initial breach) times and the number and type
(pit, crack, patch) of penetrations versus time for both the waste package and drip shield. The
WAPDEG Modéel is appropriate for its intended use as it was specificaly designed to develop
waste package and drip shield degradation profiles for use in assessing the proposed repository at
Yucca Mountain. This WAPDEG Model makes use of the WAPDEG software within its
intended range of validation (CRWMS M& O 1999d).

3.2.1 Drip Shield General Corrosion Model

This model is discussed in Sections 4.1.3 and 6.3.5. Details of the general corrosion rate
distribution used for the Titanium grade 7 drip shield (WDgTi7Sr00.cdf) are given in a
calculation entitled Calculation of General Corrosion Rate of Drip Shield and Waste Package
Outer Barrier to Support WAPDEG Analysis (CRWMS M&O 2000c) and is tracked with DTN:
M O0003SPA SUP02.003.

This mode isimplemented within the WAPDEG software (see Section 3.1.3) and is appropriate
for its intended use because it was specifically developed for modeling general corrosion
degradation of the Titanium grade 7 drip shield. This model was used within its range of
validation (see Section 6.3.5).
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3.2.2 Waste Package Outer Barrier General Corrosion Model

This model is discussed in Sections 4.1.4 and 6.3.6. Details of the primary general corrosion rate
distribution used for the Alloy 22 waste package outer barrier (WDgA22SR00.cdf) aregivenina
calculation entitled Calculation of General Corrosion Rate of Drip Shield and Waste Package
Outer Barrier to Support WAPDEG Analysis (CRWMS M&O 2000c) and is tracked with DTN:
MOO003SPA SUP02.003.

This mode isimplemented within the WAPDEG software (see Section 3.1.3) and is appropriate
for its intended use, because it was specifically developed for modeling general corrosion
degradation of the Alloy 22 waste package outer barrier. This model was used within its range of
validation (see Section 6.3.6).

3.2.3 Relative Humidity Abstraction Model

This model is discussed in Sections 4.1.2 and 6.3.8. The relationship between the critical
threshold RH and exposure temperature is based on the assumption of the presence of a sodium
nitrate (NaNOs) salt film on the waste package and drip shield surface and the deliquescence
point of the salt as documented in the Analyses and Models Report entitled Environment on the
Surfaces of the Drip Shield and Waste Package Outer Barrier (CRWMS M&O 2000b, Tables 7
and 8) (also see DTN: LL991212305924.108). The relationship between the critical threshold
RH and exposure temperature is given by alookup table.

This mode isimplemented within the WAPDEG software (see Section 3.1.3) and is appropriate
for itsintended use, because it was specifically developed for modeling the criterion for initiation
of corrosion degradation of the Alloy 22 waste package outer barrier and Titanium grade 7 drip
shield. This model was used within its range of validation (see Section 6.3.8).

3.24 Waste Package Outer Barrier Localized Corrosion Initiation Threshold and Rate
Abstraction M odel

This model is discussed in Sections 4.1.5 and 6.3.10. The localized corrosion initiation model
used for the Alloy 22 waste package outer barrier is validated in the Analyses and Models Report
entitled Abstraction of Models for Pitting and Crevice Corrosion of Drip Shield and Waste
Package Outer Barrier (CRWMS M& O 2000d) (DTN: MOO003SPAPCC03.004).

This model isimplemented within the WAPDEG software (see Section 3.1.3) and is appropriate
for its intended use because it was specifically developed for modeling the criterion for localized
corrosion initiation and rate of propagation on the Alloy 22 waste package outer barrier. The
localized corrosion initiation portion of the Waste Package Outer Barrier Localized Corrosion
Initiation Threshold and Rate Abstraction Model was used within its range of validation (see
CRWMS M&O 2000d and Sections 4.1.5 and 6.3.10). However, as discussed in Section 3.1.7,
the PREWAP subroutine does make use of bounding pH values in the preparation of the input
for the Waste Package Outer Barrier Localized Corrosion Initiation Threshold and Rate
Abstraction Model. The localized corrosion rate portion of the Waste Package Outer Barrier
Localized Corrosion Initiation Threshold and Rate Abstraction Model is validated by the
observation, in Section 5.4, that the localized corrosion rate data is a conservative representation
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of localized corrosion rate of Alloy 22. This observation provides confidence in the adequacy of
the localized corrosion rate model and that it is appropriate for itsintended use.

3.25 Manufacturing Defect Abstraction Model

This model is discussed in Sections 4.1.7 and 6.3.11. All of the data and parameters used in this
model are documented in the calculation entitled Calculation of Probability and Sze of Defect
Flaws in Waste Package Closure Welds to Support WAPDEG Analysis (CRWMS M&O 2000g)
and are tracked by DTN: MOO0001SPA SUP03.001.

This model is implemented partly within the WAPDEG software (see Section 3.1.3) and partly
within the MFD software routine (see Attachment Il). The Manufacturing Defect Abstraction
Model is validated in Section 6.3.11. The Manufacturing Defect Abstraction Model was used
within its range of validation. The Manufacturing Defect Abstraction Model is appropriate for its
intended use, because it was specificaly developed for modeling the occurrence of
manufacturing defectsin the Alloy 22 waste package outer and inner lid weld regions.

3.2.6 Stressand StressIntensity Profile Abstraction Model

This modédl is discussed in Sections 4.1.8 and 6.3.12. All of the data and parameters used in this
model are documented in the AMR entitled Abstraction of Models of Sress Corrosion Cracking
of Drip Shield and Waste Package Outer Barrier and Hydrogen Induced Corrosion of Drip
Shield (CRWMS M& O 2000i) and are tracked by DTN: MOO004SPASDA 04.003.

This model is implemented partly within the WAPDEG software (see Section 3.1.3) and partly
within the SCCD software routine (see Attachment 111). The Stress and Stress Intensity Profile
Abstraction Model is validated in Section 6.3.12. The Stress and Stress Intensity Profile
Abstraction Model was used within its range of validation. The Stress and Stress Intensity Profile
Abstraction Model is appropriate for its intended use, because it was specifically developed for
modeling the stress and stress intensity profilesin the Alloy 22 waste package outer and inner lid
weld regions.

3.2.7 Slip Dissolution Abstraction Model

This modédl is discussed in Sections 4.1.9 and 6.3.13. All of the data and parameters used in this
model are documented in the AMR entitled Abstraction of Models of Sress Corrosion Cracking
of Drip Shield and Waste Package Outer Barrier and Hydrogen Induced Corrosion of Drip
Shield (CRWMS M& O 2000i) and are tracked by DTN: MOO004SPASDA 04.003.

This model is implemented partly within the WAPDEG software (see Section 3.1.3) and partly
within the SCCD software routine (see Attachment I11). The Slip Dissolution Abstraction Model
isvalidated in Section 6.3.13. The Slip Dissolution Abstraction Model was used within its range
of validation. The Slip Dissolution Abstraction Model is appropriate for itsintended use, because
it was specifically developed for modeling the slip dissolution stress corrosion cracking process
in the Alloy 22 waste package outer and inner lid weld regions.
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3.2.8 Waste Package Outer Barrier Microbial Induced Corrosion (MIC) Abstraction
M odel

This model is discussed in Sections 4.1.10 and 6.3.14. All of the parameters used in this model
are documented in the AMR entitled General and Localized Corrosion of Waste Package Outer
Barrier (CRWMS M&O 2000e, Section 6.9 paragraph 1). Genera corrosion rates will be
enhanced by a uniformly distributed factor with a lower bound of 1 and an upper bound of 2,
above 90% relative humidity.

This model is implemented within the WAPDEG software (see Section 3.1.3). The Waste
Package Outer Barrier Microbial Induced Corrosion Abstraction Model is validated in Section
6.3.14. The Waste Package Outer Barrier Microbia Induced Corrosion Abstraction Model was
used within its range of validation. The Waste Package Outer Barrier Microbial Induced
Corrosion Abstraction Model is appropriate for its intended use, because it was specifically
developed for modeling the MIC on the Alloy 22 waste package outer barrier.

3.2.9 Waste Package Outer Barrier Aging and Phase I nstability Abstraction M odel

This model is discussed in Sections 4.1.11 and 6.3.15. All of the parameters used in this model
are documented in the AMR entitled General and Localized Corrosion of Waste Package Outer
Barrier (CRWMS M& O 2000e, Section 6.7.3 paragraph 2). General corrosion rates of the waste
package outer barrier are enhanced by a factor uniformly distributed between 1 and 2.5 (i.e., no
enhancement up to the general corrosion rate being multiplied by 2.5) (CRWMS M&O 2000e,
Section 6.7.3 paragraph 2).

This model is implemented within the WAPDEG software (see Section 3.1.3). The Waste
Package Outer Barrier Aging and Phase Instability Abstraction Model is validated in Section
6.3.15. The Waste Package Outer Barrier Aging and Phase Instability Abstraction Model was
used within its range of validation. The Waste Package Outer Barrier Aging and Phase Instability
Abstraction Model Abstraction Model is appropriate for its intended use, because it was
specifically developed for modeling the effect of aging and phase instability on the Alloy 22
waste package outer barrier.

4. INPUTS

This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur, as a result of completing the
confirmation activities, will be reflected in subsequent revisions. The status of the input
information quality may be confirmed by review of the Document Input Reference System
database.

41 DATA AND PARAMETERS

4.1.1 Waste Package and Drip Shield Design Input

Waste package and drip shield dimensions were obtained and are presented in Table 1.
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Table 1. Waste Package and Drip Shield Dimensions.

Parameter Name Parameter Value | Source

Waste Package Outer Shell 1564 mm CRWMS M&O 1999¢

Extension (“Skirt”) ID Iltem 2 page 1 of 1

Waste Package Outer Shell CRWMS M&O 1999c

4775 mm

Length Item 2 page 1 of 1

Waste Package Outer Shell 20 mm CRWMS M&O 1999¢

Thickness Iltem 2 page 1 of 1

. . . CRWMS M&O 2000a

Drip Shield Height 2521 mm Page 4 of 5

Drip Shield Width 2512 mm CRWMS M&O 20002
Page 4 of 5

Drip Shield Thickness 15 mm CRWMS M&O 2000a
Page 4 of 5

Note: The waste package outer shell skirt ID is approximately equal to the waste package outer
barrier outer diameter (CRWMS M&O 1999c, Item 2 page 1 of 1).

Note: The waste package outer shell length is mislabeled as “Inner Shell” in CRWMS M&O 1999c.

These inputs are used to calculate the total surface areas of the waste package barriers or drip
shield. This data is preliminary and was transmitted in accordance with AP-3.14Q, Transmittal
Of Input. These surface areas are discussed further in Section 5.1.

4.1.2 Relative Humidity Threshold Abstraction M odel

The critical relative humidity (RH) threshold for the initiation of corrosion degradation (general
corrosion, localized corrosion and stress corrosion cracking processes) is a function of exposure
temperature. The relationship between the critical threshold RH and exposure temperature is
based on the assumption (Section 5.2) of the presence of a sodium nitrate (NaNOg3) salt film on
the waste package and drip shield surface and the deliquescence point of the salt as documented
in the Analyses and Models Report entitled Environment on the Surfaces of the Drip Shield and
Waste Package Outer Barrier (CRWMS M&O 2000b, Tables 7 and 8) (also see Data Tracking
Number (DTN): LL991212305924.108). This datais considered accepted data.

4.1.3 Drip Shield General Corrosion Abstraction Model

Details of the general corrosion rate distribution used for the Titanium grade 7 drip shield
(WDgTi7Sr00.cdf) are given in a calculation entitled Calculation of General Corrosion Rate of
Drip Shield and Waste Package Outer Barrier to Support WAPDEG Analysis (CRWMS M&O
2000c) and is tracked with DTN: MOOO03SPASUP02.003. This data is qualified but does
require verification. Also see Section 6.3.5 for discussion of implementation.

4.1.4 Waste Package Outer Barrier General Corrosion Abstraction Model
Details of the primary general corrosion rate distribution used for the Alloy 22 waste package
outer barrier (WDgA22SR00.cdf) are given in a calculation entitled Calculation of General
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Corrosion Rate of Drip Shield and Waste Package Outer Barrier to Support WAPDEG Analysis
(CRWMS M&O 2000c) and is tracked with DTN: MOOOO3SPASUP02.003. This data is
qualified. Also see Section 6.3.6 for discussion of implementation.

4.15 Waste Package Outer Barrier Localized Corrosion Initiation Threshold and Rate
Abstraction Model

The localized corrosion initiation model used for the Alloy 22 waste package outer barrier and
associated model parameters are discussed in the Analysis Model Report entitled Abstraction of
Models for Pitting and Crevice Corrosion of Drip Shield and Waste Package Outer Barrier
(CRWMS M&O 2000d). In summary, the localized corrosion initiation threshold is based on
potentiodynamic polarization data for Alloy 22 measured in several repository-relevant solution
compositions. The data consisted of measurements of the critical potential for localized corrosion
initiation, Ecritl, and the corrosion potential, Ecorr, at various temperatures, chloride
concentrations and pH values. The potentia difference DE = (Ecritl — Ecorr) (in mV) was fit to
a function of pH (the dependence of the potential difference on temperature and chloride
concentration was negligible)

DE =c, +c, xpH + ¢, xpH* +e (Eq. 1)

where c,, €1, and ¢, are constants determined from fitting to Equation 1 to the collected potential
difference data. e (referred to as the “error” variance or “residual” variance) is a term
representing data variance not explained by the fitting procedure and has a normal distribution
with a mean of zero. Linear regression gives the following estimates for the parameters in
Equation3: ¢, = 1160, ¢; = -193 and ¢, = 12.0. The covariance matrix (s) and correlation matrix
(C) resulting from the fitting procedure were determined to be:

63530 - 1040 64.4 | 6 1 -0915 0835
s=g 1040 364 -2447 C=g 0915 1 -0982 (Eq. 2)
§644 -244 169 § 0835 -0982 1 §

and the variance of e determined from the linear regression fitting procedure is 4670.
Figure 1 shows a plot of how the median potential difference (DE) given by Equation 1 varies

with pH. Also shown are the £3s and +4s confidence intervals. These inputs are tracked by
DTN: MOO0O03SPAPCC03.004 and are qualified.

ANL-EBS-PA-000001 REV 00 18 April 2000



WAPDEG Analysis of Waste Package and Drip Shield Degradation

1400 n

— DE
1200 — — DE %3s

— DE #4s

°  Experimental Data /
1000 -
N N
N .
e

DE  goo -
600 e
8 .
LN e
400 e
: ~

\\
200 N e

Figure 1. Plot of DE vs. pH for Alloy 22 from Equation 1 and 2 showing the +3s
and +4s confidence intervals and the experimental data from which
the model was derived.

The distribution of localized corrosion rates presented in Table 22 of the AMR entitled General
and Localized Corrosion of Waste Package Outer Barrier (CRWMS M& O 2000e, Section 6.6.6)
will be used for localized corrosion modeling of the Alloy 22 waste package outer barrier. These
rates are reproduced in Table 2 (with rates converted from nm/yr to mm/yr). The localized
corrosion rates are assumed to be loguniformly distributed (see Section 5.4).

Table 2. Distribution of Localized Corrosion Rates for
Alloy 22 (DTN: LL991213705924.109).

Percentile Localized Corrosion Rate
*0) (mm/yr)
o" 12.7E-3
50" 127E-3
100" 1270E-3

These data are tracked by DTN: LL991213705924.109 and are unqualified, however, these data
are considered to be conservative bounding values to the Alloy 22 localized corrosion rates (see
Section 5.4) and thus are considered verified.

4.1.6 Drip Shield Localized Corrosion Initiation Threshold and Rate Abstraction Models

The localized corrosion initiation model used for the titanium grade 7 drip shield and model
parameters are discussed in the Analyses and Models Report entitled Abstraction of Models for
Pitting and Crevice Corrosion of Drip Shield and Waste Package Outer Barrier (CRWMS
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M&O 2000d). In summary, the localized corrosion initiation threshold is based on
potentiodynamic polarization data for titanium grade 7 measured in severa repository-relevant
solution compositions. The data consisted of measurements of the critical potential for localized
corrosion initiation, Ecritl, and the corrosion potential, Ecorr, at various temperatures, chloride
concentrations and pH values. The potential difference DE = (Ecritl — Ecorr) (in mV) was fit to
a function of pH (the dependence of the potential difference on temperature and chloride
concentration was negligible).

DE=f,+ f xpH +e (Eq. 3)

where f,, and f1 are constants determined from fitting to Equation 3 to the collected potential
difference data. e (referred to as the “error” variance or “residual” variance) is a term
representing data variance not explained by the fitting procedure and has a normal distribution
with a mean of zero. Linear regression gives the following estimates for the parameters in
Equation3: fo = 1670 and f1 = 52.2. The covariance matrix (s) and correlation matrix (C)
resulting from the fitting procedure were determined to be:

62040 -230u  é 1 - 0.904u

S= - = A
&230 3198 &o94 1 H

(Ea. 4)
and the variance of e determined from the linear regression fitting procedure is 1080.

Figure 2 shows a plot of how the median potential difference (DE) given by Equation 3 varies
with pH. Also shown are the £3s and +4s confidence intervals. These inputs are tracked by
DTN: MOOOO3SPAPCC03.004 and are qualified.
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Figure 2. Plot of DE vs. pH for titanium grade 7 from Equation 3 and 4
showing the %3s and #*4s confidence intervals and the
experimental data from which the model was derived.
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The distribution of localized corrosion rates presented in Table 16 of the AMR entitled General
and Localized Corrosion of the Drip Shield (CRWMS M& O 2000f, Section 6.7) will be used for
localized corrosion modeling of the titanium grade 7 drip shield. These rates are reproduced in
Table 3 (with rates converted from mm/yr to mm/yr).

Table 3. Distribution of Localized Corrosion Rates for Titanium
grade 7.
Percentile Localized Corrosion Rate
*0) (mm/yr)
o" 490E-3
100" 1120E-3

The localized corrosion rates are uniformly (or rectanglularly) distributed between the bounds
specified in Table 3 (CRWMS M& O 2000f, Section 6.7, paragraph 4). These data are tracked by
DTN: LL981212005924.062 and are unqualified, however, these data are considered to be
conservative bounding values to the Titanium grade 7 localized corrosion rates (see Section 5.3)
and thus are considered verified.

4.1.7 Manufacturing Defect Abstraction Model (Waste Package Closure-Lid Welds)

Table 4 lists the inputs to the manufacturing defects abstraction analysis for the waste package
outer barrier closure-lid welds.

Table 4.

Stress and Stress Intensity Profile Data and Parameters and Their Sources

Parameter Name

Parameter Value

Source

Lid Thickness

25 mm Alloy 22 for Outer Lid
10 mm Alloy 22 for Inner Lid

CRWMS M&O 2000g
DTN: MO0001SPASUP03.001

Lid Radius

0.76 m for Both lids

CRWMS M&O 2000g
DTN: MOO001SPASUP03.001

b, Location Parameter for
Probability of Non-Detection

Uniform over the range (1.6, 5.0) mm

CRWMS M&O 2000g
DTN: MO0001SPASUP03.001

0, the scale parameter of
the non-detection probability

Uniform over the range (1, 3)

CRWMS M&O 2000g
DTN: MOO001SPASUP03.001

y, the fraction of surface
breaking fractures

Uniform over the range (0.0013, 0.0049)

CRWMS M&O 2000g
DTN: MO0001SPASUP03.001

All of the data and parameters discussed in this section were documented in the calculation
entitled Calculation of Probability and Sze of Defect Flaws in Waste Package Closure Welds to
Support WAPDEG Analyss (CRWMS M&O 2000g) and are tracked by DTN:
MOO0001SPASUP03.001 and are unqualified preliminary data.

4.1.8 Stressand Stress|Intensity Profile Abstraction Model (Waste Package Closure-Lid
Welds)

Data and parameters that are input to this analysis include stress and stress intensity profiles
(stress or stress intensity versus depth) and model parameters appropriate for both the outer and
inner closure-lids of the waste package outer barrier. Table 5 summarizes these data, their
sources, data tracking numbers (DTNs), and Table numbers. These data are considered
unqualified preliminary data.
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Table 5.  Stress and Stress Intensity Profile Data and
Parameters and Their Sources

Parameter Name Parameter Value Source

Stress Intensity Factor Table 6 CRWMS M&O 2000i
Profiles MOO0004SPASDA04.003

. . CRWMS M&O 2000i
Stress Profile Coefficients Table 7 MO0004SPASDAO4.003

. CRWMS M&O 2000i
Yield Strength Table 8 MO0004SPASDAOA 003

. . CRWMS M&O 2000i
Fraction of Yield Strength Table 8 MOO004SPASDAOA.003

Table 6.  Stress intensity factor (K)) vs. depth tables for the outer and
inner closure-lids of waste package outer barrier.

Outer Lid Inner Lid

Kl Depth Kl Depth

(MPa*m%) (mm) (MPa*m%) (mm)
-8.096912553 0.3988 -7.201806034 0.3277
-11.08864448 0.8001 -10.05117186 0.6579
-13.12743778 1.1989 -12.14661052 0.9855
-14.62395207 1.6002 -13.83718048 1.3132
-15.74125563 1.9990 -15.26051182 1.6408

-16.56494834 2.4003 -16.48813922 1.971
-17.16634511 2.7991 -17.60873931 2.2987
-17.5702798 3.2004 -18.62418012 2.6264

-17.79521296 3.5992 -19.34568044 2.954
-17.85960516 3.9980 -18.27353932 3.2842
-17.77785124 4.3993 -17.05876838 3.6119
-17.56148906 4.7981 -15.73543176 3.9395
-17.22755067 5.1994 -14.40693057 4.2697
-16.78515648 5.5982 -13.09502192 4.5974
-16.23441637 5.9995 -11.74410433 4.9251
-15.58159374 6.3983 -10.37129779 5.2527
-14.83251247 6.7970 -8.992063026 5.5829
-13.99233711 7.1984 -7.619959749 5.9106
-13.06249616 7.5971 -6.28349195 6.2382
-12.03771518 7.9985 -5.021547684 6.5659
-10.93137807 8.3972 -3.791766552 6.8961
-9.747286832 8.7986 -2.602642611 7.2238
-8.489320377 9.1973 -1.461856773 7.5514
-7.161148843 9.5987 -0.376262524 7.8791
-5.7664094 9.9974 0.6479086 8.2093
-4.327309665 10.3962 1.602739435 8.5369
-2.830795383 10.7975 2.489890331 8.8646
-1.280437794 11.1963 3.304704392 9.1948
0.320255595 11.5976 4.043027992 9.5225
1.967753102 11.9964 4.701256926 9.8501
3.658542826 12.3977 5.276226526 10.1778
5.415098304 12.7965 5.809253288 10.508
7.218783158 13.1978 6.267459831 10.8356
9.05768593 13.5966 6.633989902 11.1633
10.92825736 13.9954 6.907239191 11.491
12.82690422 14.3967 7.086141819 11.8212
14.74987947 14.7955 7.170016506 12.1488
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Outer Lid Inner Lid

Kl Depth Kl Depth

(MPa*m¥2) (mm) (MPa*m¥%) (mm)
16.73175271 15.1968 7.171796631 12.4765
18.7698867 15.5956 7.082153019 12.8067
20.82285508 15.9969 6.8851964 13.1343
22.88648224 16.3957 6.581695963 13.462
24.95692222 16.7945 6.173014275 13.7897
27.03021919 17.1958 5.661052333 14.1199
29.13461342 17.5946 5.214086954 14.4475
31.33328838 17.9959 5.185517036 14.7752
33.52559005 18.3947 5.092620849 15.1028
35.70701317 18.7960 4.940639873 15.433
37.87294261 19.1948 4.735255128 15.7607
40.01865333 19.5961 4.482741007 16.0884
42.13953021 19.9949 4.18995429 16.4186

Stress (s s in MPa) as a function of depth (x in mm) is given by a third order polynomial
equation of the form (CRWMS M& O 2000h, Section 6.2.2.5):

S (X) = Ag + A XA K+ A X (Eq. 5)

where the values of the coefficients (A;’s) are given in Table 7.

Table 7.  Stress Coefficients used for the outer and inner closure-lids of

waste package outer barrier in metric units (i.e., stress in
MPa).
Coefficient Quter Lid Inner Lid

Ao -356.26778 -437.720543

A1 37.180767 176.967239

A 1.436391 -15.606072

Az -0.065282 0.367099

The provided hoop stress state was determined to vary with angle (6) around the circumference
of the waste package closure-lid welds (6 = 0 point arbitrarily chosen) according to the
following functional form (CRWMS M& O 2000h, Section 6.2.2.5):

s, (x,a)=s.(x)- (17.236892) X 1- cos(g)) (Eq. 6)

Note that s (defined in Equation 5) uses the stress coefficients (A)) defined in Table 7 with x in
units of mm. Based on the angular stress variation in Equation 6, the stress intensity variation
with angle is given by (CRWMS M& O 2000h, Section 6.2.2.5):

& (Thek,q) 6

s, (Thck 0) 5 (Ea.7)

K,(xa) =K, (x)

where Thck is the lid thickness and K;(x) is given by the valuesin Table 6. The uncertainty in
the stress state and stress intensity factor is introduced through a scaling factor, rscale([],z),
where z represents the number of standard deviations away from the median value. The scaling
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factor is also afunction of the yield strength (YS) and yield strength scaling factor (F). The yied
strength and yield strength scaling factor used for the two lids are given in Table 8.

Table 8.  Yield Strength and Fraction of Yield Strength for the Outer
and Inner Closure-Lids of Waste Package Outer Barrier.

Outer Lid Inner Lid
Yield Strength (YS) 322.3 MPa 322.3 MPa
Yield Strength
Scaling Factor (F) 0.05 0.05

The functional form of the scaling factor, rscale(6,2) (CRWMS M& O 2000h, Section 6.2.2.5), is
shown in Equation 8.

s (Thek,q)+ z>q?;é(STxF9
rscale(q,z) = € 2

s (Thek,q) (Ea-8)

The elicited radial crack path for the outer lid (driven by the hoop stress) is in a direction normal
to the outer surface (CRWMS M&O 2000h), thus, the crack length corresponds to the crack
depth for the outer lid. However, the elicited crack path for the inner lid is a an angle to the
normal of the lid surface (CRWMS M& O 2000h, p. A-60 and A-61), and the depth of the crack
with respect to the surface is determined by projecting the crack length onto the lid surface
normal. The angle of projection (37.5 degrees) was estimated from the length of the hoop stress
plane and the thickness of the inner lid (see CRWMS M&O 2000h, Figure Al-1). Thus the sine
of the angle multiplied by the crack length results in the crack depth with respect to the inner lid
surface (i.e., in adirection normal to the inner lid outer surface).

All of the data and parameters discussed in this section were documented in the AMR entitled
Abstraction of Models of Sress Corrosion Cracking of Drip Shield and Waste Package Outer
Barrier and Hydrogen Induced Corrosion of Drip Shield (CRWMS M& O 2000i) and are tracked
by DTN: MOO004SPASDA04.003 and are unqualified preliminary data.

4.1.9 Slip Dissolution Abstraction M odel
The Slip Dissolution Model for stress corrosion cracking requires a threshold stress, an incipient

crack density, and crack growth rate model parameters. These data and their sources are listed in
Table 9.
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Table 9.  Slip Dissolution Model Parameters and Their Sources

Parameter Name Parameter Value Source
Threshold Stress Uniform over the range (0.2, 0.3) CRWMS M&O 2000i
fraction of the Yield Strength MOO0004SPASDA04.003
Incipient crack size 0.05 mm CRWMS M&O 2000i
P : MO0004SPASDA04.003
. CRWMS M&O 2000i
n, crack growth exponent Uniform over the range (0.75, 0.84) MOO004SPASDAO4. 003
CRWMS M&O 2000i

A, crack growth preexponent | Equation 9 MOO004SPASDAOA.003

The threshold stress is defined as the minimum stress at which cracks start growing at a rate
determined by Equation 9. As suggested in the upstream process model analysis (CRWMS M&O
2000h, Section 6.5.2), the threshold stress can range from 20 to 30 percent of the yield strength
(see Table 8) and the range of variation is due to uncertainty only. Furthermore, the uncertainty
range is given by a uniform distribution. Thus, the resulting uncertainty range for the threshold
stress is uniformly distributed between 64.46 and 96.60 MPa. In the Stress Corrosion Cracking
(SCC) analysis of waste package closure-lid weld with WAPDEG, for each realization (or each
run), the threshold stress is sampled from the range with a uniform distribution, and the sampled
threshold stress is used for al the closure-lid weld patches of the waste packages under
consideration.

In the SCC process, the crack initiation is associated with microscopic crack formation at
localized corrosion or mechanical defect sites that are associated with pitting, intergranular
attack, scratches, weld defects, or design notches. The crack growth rate increases as the
microscopic cracks coalesce, and approaches a steady-state value when a crack can be detected
(CRWMS M&O 2000h, Section 6.4.1). The current analysis assumes that the above crack depth
range represents the minimum crack depth for which the slip dissolution model can be applied.
Those cracks are referred to as “incipient” cracks. An exponential distribution with a maximum
size of 50 um and a median size of 20 um was suggested for the incipient crack size distribution.
Because the effect of differing incipient crack sizes (within the suggested range) on crack
penetration time is much smaller than the other model parameters (i.e., n and K, in Equation 9),
the maximum crack size (50 pum or 0.05 mm) isused for al the incipient cracks considered in the
SCC analysis, a conservative assumption (see Section 5.7).

Once crack growth initiates the crack(s) grow at a velocity given by (CRWMS M&O 2000h,
Section 6.4.4):

Vv, =AK, ) (Eq. 9)

where V; is the crack growth rate in mmy/s, and K; is the stress intensity factor in MPa(m)"2
Parameters, A and N, in the above equation are expressed as follows.

A =7.8x102n° (4.1x10 ™)' 3.1558149x107 (Eq. 10)
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i =4n (Eg. 11)

Note that 3.1558149E+7 is a conversion factor between seconds and years.

CRWMS M&O 2000h (Section 6.4.4) indicates that the uncertainty in the model parameter nis
represented by a uniform distribution with an upper bound of 0.84 and a lower bound of 0.75,
and thus n would be represented by a uniform distribution with an upper bound of 3.36 and a
lower bound of 3.

All of the data and parameters discussed in this section were documented in the AMR entitled
Abstraction of Models of Stress Corrosion Cracking of Drip Shield and Waste Package Outer
Barrier and Hydrogen Induced Corrosion of Drip Shield (CRWMS M&O 2000i) and are tracked
by DTN: MOO004SPASDA04.003 and are unqualified preliminary data.

4.1.10 Waste Package Outer Barrier Microbial Induced Corrosion Abstraction Model

The Waste Package Outer Barrier Microbial Induced Corrosion (MIC) Model requires a
threshold relative humidity for microbia activity and a general corrosion rate multiplier to model
the affect of microbial activity. These data and their sources are listed in Table 10.

Table 10. Waste Package Outer Barrier Microbial Induced
Corrosion Model Parameters and Their Sources

Parameter Name Parameter Value Source

Threshold RH 09 CRWMS M&O 2000e

Section 6.10
General Corrosion Multiplier Uniform over the range (1, 2) CRWMS M&O 2000e
Distribution 9 ' Section 6.8

According to the upstream analysis entitled General and Localized Corrosion of Waste Package
Outer Barrier (CRWMS M&O 2000e, Section 6.10 paragraph 1), general corrosion rates will be
enhanced to model the effect of MIC above 90% relative humidity. The upstream analysis goes
on to recommend the general corrosion rate of the waste package outer barrier be enhanced by a
factor between 1 and 2 (i.e.,, no enhancement up to the genera corrosion rate being doubled)
(CRWMS M& O 2000e, Section 6.8 paragraph 1). Thus, the general corrosion rate enhancement
factor will be sampled from a uniform distribution with an upper bound of 2 and a lower bound
of 1. The same upstream analysis recommends that, while bacteria preferentially colonize
weldments, heat affected zones, and charged regions, it should be assumed that the general
corrosion rate enhancement factor is uniformly distributed with respect to areal distribution (i.e.,
MIC enhanced corrosion could occur anywhere on the waste package surface) (CRWMS M&O
2000e, Section 6.8 paragraph 5). This technical product input information requires confirmation
asdiscussed in Section 7.
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4.1.11 Waste Package Outer Barrier Aging and Phase I nstability Abstraction M odel

The Waste Package Outer Barrier Aging and Phase Instability Model requires a general
corrosion rate multiplier to model the effect of aging and phase instability. These data and their
sources are listed in Table 11.

According to the upstream analysis entitled General and Localized Corrosion of Waste Package
Outer Barrier (CRWMS M& O 2000e, Section 6.7.3 paragraph 2), general corrosion rates will be
enhanced to model the effect of aging and phase stability. The upstream analysis goes on to
recommend the general corrosion rate of the waste package outer barrier be enhanced by a factor
between 1 and 2.5 (i.e., no enhancement up to the general corrosion rate being multiplied by 2.5)
(CRWMS M&O 2000e, Section 6.7.3 paragraph 2). Thus, the general corrosion rate
enhancement factor will be sampled from a uniform distribution with an upper bound of 2.5 and
alower bound of 1. This technical product input information requires confirmation as discussed
in Section 7.

Table 11. Waste Package Outer Barrier Aging and Phase
Instability Model Parameters and Their Sources

Parameter Name Parameter Value Source

CRWMS M&O 2000e
Section 6.7.3

General Corrosion Multiplier
Distribution

Uniform over the range (1, 2.5)

4.1.12 Waste Package and Drip Shield Exposure Conditions

The waste package and drip shield exposure conditions (relative humidity (RH), temperature,
dripping water exposure period(s) and dripping water chemistry) are input to the WAPDEG DLL
(see Section 6.3.16). The preparation and documentation of these data are included in the
upstream analyses that serve as inputs to this analysis (CRWMS M&O 2000k, 2000I, and
2000m) (DTN: SNO0001T0872799.006, MO0002SPALOO046.010, MO9911SPACDP37.001).
This technical product input information requires confirmation as discussed in Section 7. See
Attachment IV for further discussion of these inputs and their preparation.

42 CRITERIA

This section provides a summary of the NRC review and acceptance criteria outlined in the Issue
Resolution Status Report (IRSR) that applies to the Container Life and Source Term Key
Technical Issues (KTIs) (NRC 1999). The following six subissues are identified in the IRSR
(NRC 1999, Section 2.2).

Q) Consider the effects of corrosion processes on the lifetime of the containers (NRC 1999,
Section 2.2).

2 Consider the effects of phase instability of materials and initial defects on the mechanical
failure and lifetime of the containers (NRC 1999, Section 2.2).
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©)

(4)

(%)

(6)

Evaluate the rate at which radionuclides in spent nuclear fuel (SNF) are released from the
Engineered Barrier System (EBS) through the oxidation and dissolution of spent fuel
(NRC 1999, Section 2.2).

Evaluate the rate at which radionuclides in high-level waste (HLW) glass are leached and
released from the EBS (NRC 1999, Section 2.2).

Consider the effect of in-package criticality on waste package (WP) and EBS
performance (NRC 1999, Section 2.2).

Anayze the effects of aternate EBS design features on container lifetime and
radionuclide release from the EBS (NRC 1999, Section 2.2).

Of these subissues, only subissues (1) and (2) are relevant to this analysis.

4.2.1
D)

(2)

3

(4)

(5)

(6)

()

)

Acceptance Criteria Applicable To All Six Subissues

The collection and documentation of data, as well as development and documentation of
analyses, methods, models, and codes, are accomplished under approved quality
assurance and control procedures and standards (NRC 1999, Section 4.0).

Expert €elicitation’s, when used, are conducted and documented in accordance with the
guidance provided in NUREG-1563 (Kotra, et. al., 1996) or other acceptable approaches
(NRC 1999, Section 4.0).

Sufficient data (field, laboratory, and natural analog) are obtained to adequately define
relevant parameters for the models used to evaluate performance aspects of the subissues
(NRC 1999, Section 4.0).

Sensitivity and uncertainty analyses (including consideration of aternative conceptual
models) are used to determine whether additional data would be needed to better define
ranges of input parameters (NRC 1999, Section 4.0).

Parameter values, assumed ranges, test data, probability distributions, and bounding
assumptions used in the models are technically defensible and can reasonably account for
known uncertainties (NRC 1999, Section 4.0).

Mathematical model limitations and uncertainties in modeling are defined and
documented (NRC 1999, Section 4.0).

Primary and alternative modeling approaches consistent with available data and current
scientific understanding are investigated and their results and limitations considered in
evaluating the subissue (NRC 1999, Section 4.0).

Model outputs are validated through comparisons with outputs of detailed process
models, empirical observations, or both (NRC 1999, Section 4.0).
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(9)

4.2.2
D

(2)

©)

(4)

©)

(6)

(7)

4.2.3
D

The structure and organization of process and abstracted models adequately incorporate
important design features, physical phenomena, and coupled processes (NRC 1999,
Section 4.0).

Acceptance Criteria For Subissue 1

Identify and consider likely modes of corrosion for container materials, including dry-air
oxidation, humid-air corrosion, and agueous corrosion processes, such as genera
corrosion, localized corrosion, microbial-induced corrosion (MIC), stress corrosion
cracking (SCC), and hydrogen embrittlement, as well as the effect of galvanic coupling
(NRC 1999, Section 4.1.1).

Identify the broad range of environmental conditions within the WP emplacement drifts
that may promote the corrosion processes listed previoudy, taking into account the
possibility of irregular wet and dry cycles that may enhance the rate of container
degradation (NRC 1999, Section 4.1.1).

Demonstrate that the numerical corrosion models used are adequate representations,
taking into consideration associated uncertainties, of the expected long-term behaviors
and are not likely to underestimate the actual degradation of the containers as a result of
corrosion in the repository environment (NRC 1999, Section 4.1.1).

Consider the compatibility of container materials, the range of material conditions, and
the variability in container fabrication processes, including welding, in assessing the
performance expected in the container’s intended waste isolation function (NRC 1999,
Section 4.1.1).

Justify the use of data collected in corrosion tests not specifically designed or performed
for the Y ucca Mountain repository program for the environmental conditions expected to
prevail at the Yucca Mountain site (NRC 1999, Section 4.1.1).

Conduct a consistent, sufficient, and suitable corrosion-testing program at the time of the
LA submittal. In addition, DOE shall identify specific plans for further testing to reduce
any significant area(s) of uncertainty as part of the performance confirmation program
(NRC 1999, Section 4.1.1).

Establish a defensible program of corrosion monitoring and testing of the engineered
subsystems components during the performance confirmation period to assure they are
functioning as intended and anticipated (NRC 1999, Section 4.1.1).

Acceptance Criteriafor Subissue 2

Identify and consider the relevant mechanical failure processes that may affect the
performance of the proposed container materials (NRC 1999, Section 4.2.1).
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)

3

(4)

®)

(6)

(7)

(8)

Identify and consider the effect of material stability on mechanical failure processes for
the various container materials as a result of prolonged exposure to the expected range of
temperatures and stresses, including the effects of chemical composition, microstructure,
thermal treatments, and fabrication processes (NRC 1999, Section 4.2.1).

Demonstrate that the numerical models used for container materials stability and
mechanical failures are effective representations, taking into consideration associated
uncertainties, of the expected materials behavior and are not likely to underestimate the
actual rate of failurein the repository environment (NRC 1999, Section 4.2.1).

Consider the compatibility of container materials and the variability in container
manufacturing processes, including welding, in its WP failure analyses and in the
evaluation of radionuclide release (NRC 1999, Section 4.2.1).

Identify the most appropriate methods for nondestructive examination of fabricated
containers to detect and evaluate fabrication defects in general and, particularly, in seam
and closure welds (NRC 1999, Section 4.2.1).

Justify the use of materia test results not specificaly designed or performed for the
Yucca Mountain repository program for environmental conditions (i.e., temperature,
stress, and time) expected to prevail at the proposed Y ucca Mountain repository (NRC
1999, Section 4.2.1).

Conduct a consistent, sufficient, and suitable materials testing program at the time of the
License Application submittal. In addition, DOE has identified specific plans for further
testing to reduce any significant area(s) of uncertainty as part of the performance
confirmation program (NRC 1999, Section 4.2.1).

Establish a defensible program of monitoring and mechanical testing of the engineered
subsystems components, during the performance confirmation period, to assure they are
functioning as intended and anticipated, in the presence of thermal and stress
perturbations (NRC 1999, Section 4.2.1).

4.3 CODESAND STANDARDS

The acceptance criteria listed above are consistent with the methodology described in the ASTM
Standard Practice C-1174 for prediction of the long-term behavior of EBS components in a
geologic repository (ASTM C 1174-97 1997).

5. ASSUMPTIONS

None of the following assumptions require confirmation prior to the use of the parameters
developed in this document.
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51 WASTE PACKAGE AND DRIP SHIELD DESIGN INPUT

The following assumptions are made for titanium grade 7 drip shield corrosion degradation
modeling relevant to design inputs:

The drip shield (DS) is assumed as an approximation to be composed of three parts; two
vertical parallelepipeds (the drip shield side plates) and one horizontal parallelepiped (the
drip shield top) each 15 mm thick. The surface area of the drip shield is therefore

DS Surface Area = 2 [{2521(4775) + (2512 (4775) = 3.607 10" mm? (Eq. 12)

This assumption is used in the WAPDEG input file contained in the WAPDEG_Inputs
element shown in Figure 6. This assumption has no effect on the results of this analysis. The
WAPDEG code outputs the number of pit, crack, and patch penetrations versus time. The
patch and drip shield surface areas are used only to determine the number of patches per drip
shield to be simulated.

The variability in drip shield degradation is adequately characterized by modeling 400 waste
package/drip shield pairs with 500 patches per drip shield. This assumption results in a drip
shield patch area of 7.214E+04 mm?® While this assumption is based on analyses
documented in Section 6.3.3. This assumption is used in the WAPDEG input file contained
in the WAPDEG _Inputs element shown in Figure 6. While this assumption is generally non-
conservative relative to the use of alarger number of patches per drip shield (more stochastic
samples considered), it is shown in Figure 6 of Section 6.3.3, that results obtained using 500
patches per drip shield are virtually indistinguishable from those for a larger number of
patches.

The following assumptions are made for Alloy 22 waste package outer barrier corrosion
degradation modeling relevant to design inputs:

The waste package is assumed to be the “ Single CRM 21-PWR Waste Package’ identified by
Waste Package Operations in a recent Design Input Transmittal PA-WP-99294.T (CRWMS
M& O 1999c). The waste package surface area is based on the outer shell dimensions. The
surface area of the waste package is therefore

WP Surface Area = 2 [t ({1564 [4775) = 2.346 (10" mm? (Eq. 13)

This assumption is used in the WAPDEG input file contained in the WAPDEG_Inputs
element shown in Figure 6. This assumption has no effect on the results of this analysis. The
WAPDEG code outputs the number of pit, crack, and patch penetrations versus time. The
patch and waste package surface areas are used only to determine the number of patches per
waste package to be simulated.

The variability in waste package outer barrier degradation is adequately characterized by
modeling 400 waste package/drip shield pairs with 938 patches per waste package. This
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assumption results in a waste package patch area of 2.500E+04 mm?® Based on the
discussion of the similar drip shield modeling assumption above, in which it was found that
WAPDEG results obtained using 500 patches per drip shield are virtualy indistinguishable
from those for a larger number of drip shield patches, it is concluded that the use of 938
patches for the waste package, amost twice that used for the drip shield, is a reasonable
number to use. This assumption is used in the WAPDEG input file contained in the
WAPDEG _Inputs element shown in Figure 5. While this assumption is generally non-
conservative relative to the use of a larger number of patches per waste package (more
stochastic samples considered), it is reasonable based on the argument presented for the drip
shield.

The weld filler metal used for the Alloy 22 waste package outer barrier lid welds is assumed
to be Alloy 22. This assumption is consistent with CRWMS M&O 2000n, Section 6.3 in
which it is stated that “Filler metal material shall be selected to be compatible with the base
material.” This assumption is used in the WAPDEG degradation models through the use of
model parameters appropriate for Alloy 22 in the weld regions.

The following assumptions are made for the 316NG stainless steel waste package inner barrier
degradation modeling:

The stainless-steel waste-package inner layer, which is to provide structura support to the
waste package, was not included in the analysis. Although it would provide a certain level of
performance for waste containment and potentially act as a barrier to radionuclide transport
after waste package breach, the potential performance credit of the stainless-steel layer was
not included in the nominal TSPA-SR analysis. This assumption is conservative.

These assumptions are used in the formulation of the WAPDEG Mode!.
52 RELATIVE HUMIDITY THRESHOLD

The relationship between the critical threshold RH and exposure temperature is based on the
assumption of the presence of a sodium nitrate (NaNO3) salt film on the waste package and
drip shield surface (see Section 4.1.2). The sodium nitrate salt film is assumed to be present
in the absence or presence of dripping water. This assumption is conservative. This
assumption is used throughout the analysis.

5.3 LOCALIZED CORROSION OF DRIP SHIELD

It is assumed that localized corrosion (LC) is not possible on the titanium grade 7 drip shield
under all expected repository conditions. This assumption is based on results and conclusions
of upstream analyses (CRWMS M& O 2000d, Section 7.1) which were reproduced in Figure
2. Localized corrosion is considered to initiate when Ecorr exceeds Ecrit (i.e.,, « E<0). From
Figure 2, this can not happen even if exposure pH exceeds 14 based on the -4+ confidence
interval shown. This assumption is consistent with the available data. This assumption is
used throught the analysis.

It is assumed that the unqualified data for the localized corrosion rate of Titanium grade 7,
given by the distribution presented in Section 4.1.6 and Table 3, can be used in this analysis.
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This data is a conservative representation of localized corrosion rate of Titanium grade 7
under repository conditions. The basis of this assumption is that the lower bound of the
localized corrosion rate distribution presented in Table 3 is based on a localized corrosion
rate measured in a 19% HCI + 4% FeCl; + 4% MgCl, solution at 82°C and the upper bound
is based on alocalized corrosion rate measured in boiling 3:1 Aqua Regia solution (CRWMS
M& O 2000f, Table 16). These values are “more severe’” (CRWMS M& O 2000f, Section 6.7
paragraph 4) than Titanium grade 7 localized corrosion rates measured in deaerated brine at
90°C. Hence the use of this data to model Titanium grade 7 localized corrosion in the
proposed resository is conservative. Furthermore, as stated in the previous assumption,
localized corrosion of the drip shield will never initiate under expected repository exposure
conditions. Therefore, this assumption has no impact on the results of this analysis. This
assumption is used in Section 4.1.6.

54 LOCALIZED CORROSION OF WASTE PACKAGE OUTER BARRIER

While it could be assumed that localized corrosion (LC) is not possible on the Alloy 22 waste
package outer barrier for the same reasons as the titanium grade 7 drip shield, that
assumption was not made. Instead, localized corrosion models and initiation criteria from
upstream analysis (CRWMS M&O 2000d) were implemented into the WAPDEG _Inputs
element (see Figure 6), even though, based on conclusions of the upstream anayses
(CRWMS M&O 2000d, CRWMS M&O 2000e), localized corrosion of the Alloy 22 waste
package outer barrier can never occur under repository relevant exposure conditions (see
Figure 1). Inclusion of localized corrosion models and initiation criteria for the Alloy 22
outer barrier allows for easier implementation of sensitivity studies should the need arise.
This assumption has no impact on the results of this analysis.

In the current analysis, localized corrosion of the waste package outer barrier is assumed to
initiate only under dripping conditions. This is because of the necessary presence of
aggressive ions (such as chloride) in order to initiate and sustain pit and crevice growth, and
because the only mechanism for these ions to gain ingress to the drift is through drips. This
assumption has no impact on the results of this analysis given the previous paragraph. This
assumption is used throughout this analysis.

It is assumed that dripping water resulting from condensation on the underside of the drip
shields (if it occurs) does not lead to initiation of localized corrosion. The basis of this
assumption is that the condensed water does not have the aggressive agueous chemistry
associated with dripping water from other sources. This assumption is used in the WAPDEG
Model in that localized corrosion of the Alloy 22 waste package outer barrier is not allowed
to initiate in the absence of dripping water contact through afailed drip shield (i.e., the waste
package is assumed to undergo humid-air corrosion only while the dripshield remains
unbreached).

The localized corrosion rates for Alloy 22 (Table 2) are assumed to be loguniformly
distributed. The basis for this assumtion is that the values in Table 2 span three orders of
magnitude and the percentiles provided are consistent with a loguniform distribution. This
assumption is used in the localized corrosion for the Alloy 22 waste package outer barrier
and lids. This assumption has no impact on the results of thisanalysis.
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* Itisassumed that the unqualified data for the localized corrosion rate of Alloy 22, given by
the distribution presented in Section 4.1.5 and Table 2, can be used in this analysis. This data
is a conservative representation of localized corrosion rate of Alloy 22 under repository
conditions. The basis of this assumption is that the upstream analysis (CRWMS M& O 2000e,
Section 6.6.6) from which the data was obtained indicates that “ This distribution reasonably
bounds those extreme penetration rates found in the literature . . .” Hence the use of this data
to model Alloy 22 localized corrosion in the proposed resository is conservative. This
assumption is used in Section 4.1.5.

55 MANUFACTURING DEFECTSIN CLOSURE-LID WELDS

The major assumptions used to devel op the abstraction for the probability of the occurrence and
size of manufacturing defects in the waste package closure-lid welds are given below. Details of
the assumptions employed are described in the companion calculation (CRWMS M& O 2000g).

e Only surface breaking defects are considered. There is uncertainty associated with this
assumption because, as genera corrosion propagates, some of the existing surface-breaking
defect flaws may disappear and some of the embedded defects may become surface-breaking
defects. This evolution of the surface-breaking defects was not considered. This assumption
could be nonconservative if the number of exposed previously embedded defect flaws
exceeds the number of initially suface-breaking flaws at a given time during the simulation.
The results of thisanalysis, particularly Section 6.4, indicate that first crack penetration times
are earlier than first patch penetration times only for failure profiles above the 75" percentile,
i.e., crack penetration is not the dominant failure mode in the current anaysis. Therefore, this
assumption does not have significant impact on the analysis results. This assumption is used
in the analysis of manufacturing defects in waste package closure-lid welds in the WAPDEG
Model (Sections 6.3 and 6.4).

* Only the closure-lid weld of the waste package develops residual stresses high enough to
cause stress corrosion cracking. Other fabrication welds used in waste package fabrication
are fully annealed prior to waste emplacement, and thus do not develop residual stress high
enough for stress corrosion cracking to occur (CRWMS M&O 2000h, Section 5,
Assumption 1). This assumption is consistent with available data. This assumption isused in
the WAPDEG Model by restricting Stress Corrosion Cracking processes to occur only on
that fraction of waste package patches that are considered closure weld patches (Sections 6.3
and 6.4).

» Defects are assumed to be spatially randomly distributed as represented by a Poisson process
(CRWMS M&O 2000g). This assumption is consistent with available data. This assumption
is used in the analysis of manufacturing defects in waste package closure-lid welds in the
WAPDEG Model (Sections 6.3 and 6.4).

* The mean flaw density (Poisson distribution parameter) of the closure-lid weld, 0.6839
flaws/meter, is assumed to be as given in CRWMS M&O (20000, Section 6.2.1) (DTN:
MO9910SPAFWPWF.001). This is a reasonable value based on the literature reviewed in
CRWMS M&O 20000. This assumption is neither conservative nor nonconservative. This
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assumption is used in the analysis of manufacturing defects in waste package closure-lid
weldsin the WAPDEG Model (Sections 6.3 and 6.4).

» The fraction of surface breaking flaws is assumed to be uniformly distributed between the
minimum and maximum fractions used to determine the average fraction quoted in CRWMS
M&O 20000 (DTN: MO9910SPAFWPWF.001). The basis of this assumption is that the
three values quoted (0.13%, 0.40% and 0.49%) in the analyses are not sufficient to determine
a single representative average value (CRWMS M&O 2000g). The use of the uniform
distribution is a reasonable representation of the uncertainty in expressing this value. This
assumption is consistent with available data and analyses (CRWMS M& O 20000, CRWMS
M&O 2000g). This assumption is used in the analysis of manufacturing defects in waste
package closure-lid welds in the WAPDEG Model (Sections 6.3 and 6.4).

* Preiingpection flaw sizes are assumed to be lognormally distributed, with distribution
parameters (dependent on the weld thickness) as given in CRWMS M& O (20000, Section
6.2.1) (DTN: MO9910SPAFWPWF.001). This assumption is consistent with available data
and analyses. This assumption is used in the analysis of manufacturing defects in waste
package closure-lid welds in the WAPDEG Model (Sections 6.3 and 6.4).

* The probability of non-detection (PND) is given as a function of flaw size as discussed in
CRWMS M&O 20000 (DTN: MO9910SPAFWPWF.001). The model is dependent on the
following parameters: the detection threshold (p), the location parameter (b), and the scale
parameter (» ). Theb and « parameters are taken to be uncertain with a uniform distribution
(see Section 4.1.7). The ranges for these distributions are determined from the values
identified in the literature quoted in CRWMS M&O 20000 (DTN:
MO9910SPAFWPWF.001). This is a reasonable assumption, as these values are based on
similar industrial manufacturing practices as reviewed in the upstream anaysis (CRWMS
M& O 20000). This assumption is used in the analysis of manufacturing defects in waste
package closure-lid welds in the WAPDEG Model (Sections 6.3 and 6.4).

» Itisassumed that all flaws detected are repaired to specified acceptance criteria or removed
in such a manner that they are eliminated from consideration for further failure analysis. This
assumption is consistent with upstream anaysis (CRWMS M&O 20000, Section 5.1). This
assumption is used in the analysis of manufacturing defects in waste package closure-lid
weldsin the WAPDEG Model (Sections 6.3 and 6.4).

5.6 STRESSAND STRESSINTENSITY FACTOR PROFILESIN CLOSURE-LID
WELDS

The following assumptions were used to develop abstractions for stress and stress intensity factor
profiles in the closure-lid welds (outer and inner lids) of the outer barrier of the waste package.
Details of the assumptions employed and the abstraction analyses are given in the companion
AMR (CRWMS M& O 2000i).

» Itisassumed that all fabrication welds of the waste package, except the welds for the closure

lids, are not subject to SCC. The basis of this assumption is that all welds, except the welds
for the closure lids, are fully annealed before the waste packages are loaded with waste
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(CRWMS M&O 2000n, Section 8.1.7). This assumption is consistent with one used in the
upstream analysis (CRWMS M&O 2000h, Section 5). This assumption is used in the
WAPDEG Model in that SCC processes are only allowed to occur on those patches with
closure lid welds on them.

* The hoop stress (and the corresponding stress intensity factor for radial cracks) is the
prevailing stress in the closure-lid welds that fail the waste packages by SCC, if it occurs.
Thus, the abstraction is limited to the profiles for the hoop stress and corresponding stress
intensity factor for radial cracks. This assumption is conservative. The hoop stress profiles
supplied are more severe than the radia or longitudina stress profiles (CRWMS M&O
2000h, Attachment 1). This assumption is used in the WAPDEG Model in the stress profiles
used in the Slip Disolution Abstraction Model.

* The hoop stress and corresponding stress intensity factor profilesin the outer barrier inner lid
welds from the process-level analysis are for a plane that is inclined at an angle of 37.5° with
the outer surface of the outer barrier inner lid (CRWMS M&O 2000h). Because the SCC
anaysis in the integrated waste package degradation model (WAPDEG) assumes that cracks
propagate in the direction of the normal to the lid surface, the profiles from the process-level
anaysis were projected to the plane normal to the outer surface of the lid. It is assumed the
SCC analysis with the “simple” projection of the profiles represents the hoop stress and stress
intensity factor profiles for the inclined plane. This assumption is consistent with the
upstream analysis. This assumption is used in the WAPDEG Model in the Slip Dissolution
Abstraction Model inputs (see Section 6.3.12.1).

» The hoop stress and corresponding stress intensity factor profiles as a function of depth in the
closure-lid welds from the process-level analyses represent the mean profiles. The
uncertainties in the hoop stress and corresponding stress intensity factor profiles are
represented with normal distribution, and the uncertainty range is bounded within three
standard deviations (= 3 s.d's) around the mean profiles. This assumption is consistent with
upstream analysis (CRWMS M&O 2000h, Section 6.2.2.5). This assumption is used in the
WAPDEG Model in the Slip Dissolution Abstraction Model inputs (see Section 6.3.12.1).

* The hoop stress and stress intensity factor profiles vary along the circumference of the
closure-lid welds, and those represent the variability in the profiles for a given waste
package. It isassumed that the same degree of the profile variability is applied equally to al
the waste packages in the repository, and there is no variability in the profiles among waste
packages. This assumption is consistent with upstream analysis (CRWMS M&O 2000h,
Section 6.2.2.5). This assumption is used in the WAPDEG Model in the Slip Dissolution
Abstraction Model inputs (see Section 6.3.12.1).

» Asacrack propagatesin the closure lid welds or the welds are corroded, stresses in the welds
may re-distribute such a way that the SCC initiation and crack growth are mitigated
(CRWMS M&O 2000h). Such a stress re-distribution or relaxation is not considered in the
current abstraction. This is a conservative approach. This assumption is used in the
WAPDEG Model in the Slip Dissolution Abstraction Model (see Section 6.3.12.1).
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5.7 SLIPDISSOLUTION MODEL

The following assumptions were used to develop the abstractions for the dlip dissolution model
for the SCC crack initiation and growth. Details of the assumptions employed and the abstraction
analyses are described in the companion abstraction AMR (CRWMS M& O 2000i).

Induction-heating solution annealing is used to mitigate residual stressin the outer closure-lid
welds, and laser peening is used in the outer barrier inner closure-lid welds of the outer
barrier. The manufacturing defect analyses (CRWMS M&O 20000) and the abstraction
calculation (CRWMS M& O 2000qg) are assumed applicable to the closure-lid welds after the
stress mitigation processes. This assumption is consistent with upstream analysis (CRWMS
M& O 2000i). This assumption is conservative in that the effect of annealing is generally to
blunt defect asperities and lessen the severity of stress states around defects. This assumption
isused in the WAPDEG Model in the Slip Dissolution Abstraction Model.

It is assumed that the analyses for incipient cracks reported in (CRWMS M&O 2000h) are
applicable to the closure-lid welds after the stress mitigation process. This assumption is
consistent with upstream analysis. This assumption is used in the WAPDEG Model in the
Slip Dissolution Abstraction Model.

An exponentia distribution with a maximum size of 50 um and a median size of 20 um was
suggested for the incipient crack size distribution (CRWMS M& O 2000h, Section 6.5.2). In
this analysis, the maximum crack size (50 pm or 0.05 mm) is used for all the incipient cracks
considered in the SCC analysis. This is a conservative assumption. This assumption is used
in the WAPDEG Model in the Slip Dissolution Abstraction Model (see Sections 4.1.9 and
6.3.13).

It is assumed that the drip shield is not subject to stress corrosion cracking (SCC). This

assumption is based on conclusions of upstream analyses (CRWMS M& O 2000h, Section 5).
This assumption is used in the WAPDEG Model in that no SCC model input is supplied to
the WAPDEG Model and thus, no SCC of the drip shield is allowed to occur.

It isassumed that SCC of the of the waste package outer barrier closure lid welds can initiate
as soon as the relative humidity threshold is satisfied. The basis of this assumption is that
SCC requires the presence of a stable water film. This assumption is used in the Slip
Dissolution Abstraction Mode.

58 EFFECT OF MICROBIOLOGICALLY INFLUENCED CORROSION (MIC)

The following assumptions were used for the effect of microbiologicaly influenced corrosion
(MIC) of the drip shield (Titanium grade 7) and waste package outer barrier (Alloy 22).

The drip shield is assumed not subject to microbiologically influenced corrosion (MIC). The
basis of this assumption is given in CRWMS M& O (2000f, Sections 5.8 and 6.9) in which it
is stated that the effect of microbial growth on the corrosion potential is not significant and
the initiation of crevice corrosion under bio-films formed on titanium has never been

ANL-EBS-PA-000001 REV 00 37 April 2000



WAPDEG Analysis of Waste Package and Drip Shield Degradation

observed. This assumption is used in the WAPDEG Model in that no MIC model input is
supplied to the WAPDEG Model and thus, no MIC of the drip shield is allowed to occur.

* The waste package outer barrier is assumed subject to MIC when RH is greater than 90%.
The basis of this assumption is given in CRWMS M&O (2000e, Section 6.10) in which it is
stated that corrosion rates will be enhanced to account for MIC above 90% RH. This
assumption is used in the WAPDEG Model in the MIC Abstraction Model input parameters
(see Section 6.3.14.1).

* It is assumed that the effect of MIC on corrosion degradation of the waste package outer
barrier is represented by a general corrosion enhancement factor. The enhancement factor is
assumed to have uniform distribution between one and two. The basis of this assumption is
described in CRWMS M&O (2000e, Section 6.8) in which it is stated that the generd
corrosion rate enhancement factor is uniformly distributed between one and two. This
assumption is used in the WAPDEG Model in the MIC Abstraction Model input parameters
(see Section 6.3.14.1).

» Itisassumed that the MIC general corrosion enhancement factor for the waste package outer
barrier varies among waste packages and among patches for a given waste package. The
basis of thisassumption isgivenin CRWMS M& O (2000e, Section 6.8).

5.9 EFFECT OF AGING AND PHASE INSTABILITY

The following assumptions were used for the effect of aging and phase instability on corrosion
degradation of the drip shield (Titanium grade 7) and waste package outer barrier (Alloy 22).

e The drip shield is assumed immune to long-term aging and phase instability under the
thermal conditions expected in the repository. The basis of this assumption is given in
CRWMS M& O (2000f, Section 5.9) in which it is stated that the effects of phase instability
on degradation of Titanium grade 7 are expected to be insignificant. While Titanium grade 7
does contain small additions of Paladium (Pd), Titanium-Palladium intermettalic
compounds have not been reported to form in Titanium grade 7 under norma heat
treatments. This assumption is used in the WAPDEG Model in that no Aging and Phase
Instability Abstraction Model input is supplied for the Titanium grade 7 drip shield, thus
thereis no effect of aging and phase instability on the drip shield degradation characteristics.

» |t ispossible that the waste package outer barrier can be subject to long-term thermal aging
and phase instability under the repository thermal conditions. It is assumed that the thermal
aging effect on corrosion degradation of the waste package outer barrier is represented by a
genera corrosion enhancement factor. The enhancement factor is assumed to have uniform
distribution between the limits of 1 and 2.5. The basis of this assumption is described in
CRWMS M&O (2000e, Sections 5.9 and 6.7) in which it is stated that the general corrosion
rate enhancement factor due to the effects of aging and phase stability is assumed to have
uniform distribution between the limits of 1 and 2.5. This assumption is used in the Aging
and Phase Instability Abstraction Model input (see Section 6.3.15.1).
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e It is assumed that the general corrosion enhancement factor for the therma aging of the
waste package outer barrier varies among waste packages and among patches for a given
waste package. The basis of this assumption isgivenin CRWMS M& O (2000e, Section 6.7)
inwhich it is stated that the distribution (uniform distribution between the limits of 1 and 2.5)
isone-half uncertainty and one-half variability. Thisis implemented in the WAPDEG Model
in the Aging and Phase Instability Abstraction Model input (see Section 6.3.15.1) by
assigning an uncertain share of variance of this distribution to waste-package-to-waste-
package variance and patch-to-patch variance through the use of the variance partitioning
procedures within the WAPDEG code (see Section 6.3.17).

5.10 EFFECT OF RADIOLYSIS

* Both the drip shield (Titanium grade 7) and waste package outer barrier (Alloy 22) are
assumed not to be subject to radiolysis-enhanced corrosion under the expected repository
conditions. The basis of this assumption is described in the companion AMRs. Sections 5.7
and 6.8 of CRWMS M& O 2000f for the drip shield and Sections 5.7 and 6.4.4 of CRWMS
M&O 2000e for the waste package outer barrier. To summarize, the shift in corrosion
potential due to gamma radiolysis will be less than 200 mV and this shift in corrosion
potential is insufficient to cause localized corrosion initiation (also see Figure 1 and Figure
2). This assumption is consistent with the upstream analysis. This assumption is used in the
WAPDEG Model in that no effect of radiolysisisincluded in the model.

5.11 HYDROGEN INDUCED CRACKING (HIC) OF DRIP SHIELD

* Itisassumed that the titanium grade 7 drip shield is not subject to hydrogen induced cracking
(HIC) under repository exposure conditions. The basis of this assumption is described in
CRWMS M&O 2000 in which it is concluded that the hydrogen concentration in the
Titanium grade 7 drip shield will never surpass 400 « g/g (a conservative threshold value for
the onset of HIC). This assumption is consistent with the upstream anaysis. This assumption
isused in the WAPDEG Model in that no HIC Model input is provided for the drip shield.

6. ANALYSISMODEL

This section provides descriptions for the approach to and the conceptua model for the waste
package and drip shield degradation analysis using the WAPDEG Model. The implementation
of the abstraction models of the process-level models for the corrosion degradation processes
considered is described. Then the WAPDEG analysis results are discussed in terms of a set of
profiles for the waste package and drip shield failure and penetration openings as a function of
time.

6.1 APPROACH TO WASTE PACKAGE AND DRIP SHIELD DEGRADATION
ANALYSIS

The TSPA-SR subsystem model for evaluating degradation of the waste package and drip shield
is the WA ste Package DEGradation (WAPDEG) model (CRWMS M& O 1999¢). The WAPDEG
Mode is based on a stochastic simulation approach and provides a description of waste package
and drip shield degradation, which occurs as a function of time and repository location for
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specific design and thermo-chemical-hydrologic exposure conditions. [For a convenience of
discussion in this section, the drip shield is considered to be an integral part of the waste
package, and no separate discussion is given for the drip shield.] The purposes of the stochastic
approach and WAPDEG Mode are three fold:

Provide realistic representation of waste package degradation processes in the repository (rather
than taking an excessively conservative approach that is routinely chosen to simplify the
anaysis);

Capture the effects of variation and uncertainty both in exposure conditions and degradation
processes over a geologic time scale; and

Perform analysis within reasonable computational resources and time.

Abstractions of the process-level models for implementation in the WAPDEG Model were
developed in such a way that important features of the process-level models are captured as
explicitly as possible, and that the degradation processes and their characteristics are properly
represented in the waste package degradation analysis.

The TSPA-SR waste package degradation anaysis simulates the behavior of a few hundred
waste packages (see Sections 5.1 and 6.3). Effects of spatial and temporal variations in the
exposure conditions over the repository were modeled by explicitly incorporating relevant
exposure condition histories into the waste package degradation analysis. The exposure
condition parameters that were considered varying over the repository are relative humidity and
temperature at the waste package surface, seepage into the emplacement drift, and the chemistry
of the seepage water. In addition, potentialy variable corrosion processes within a single waste
package were represented by dividing the waste package surface into “patches’ and populating
stochastically the corrosion model parameter values and/or corrosion rates over the patches. The
model parameter values and corrosion rates were sampled from their variance, which is dictated
by the range of the expected local exposure conditions. The “patches’ approach is an attempt to
explicitly represent the variability in corrosion rates within a single waste package at a given
time.

The TSPA-SR analysis has incorporated more explicit representation (than previous TSPA
analyses) of the uncertainty and variability in waste package degradation (waste package failure
and penetration number profiles). For the corrosion models and parameters for which data and
analyses are available, their uncertainty and variability were quantified and implemented into the
WAPDEG analysis. For other models and parameters for which the uncertainty and variability is
not quantifiable, the variance in their value was assumed (see Section 6.3.17), or the entire
variance was used as uncertainty. The sources and/or processes that may contribute to uncertain
variability in corrosion processes may include local (or micro-scale) chemistry of solution
contacting waste package, temporally and spatially varying long-term post-closure exposure
conditions (such as water dripping), manufacturing of waste package, variation of the materials
properties (especially microstructure-scale), etc.

In the TSPA-SR analysis, waste package degradation was analyzed with multiple realizations of
WAPDEG for the uncertainty analysis of the uncertain corrosion parameters—each WAPDEG
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realization corresponding to a complete WAPDEG run for a given number of waste packages.
Accordingly, each of the WAPDEG analysis outputs discussed above (i.e., waste package failure
time, crack penetration number, pit penetration number, and patch penetration number) are
reported as a group of “degradation profile curves’ that represent the potential range of the
output parameters. For example, the waste-package failure time profiles are reported with a
group of “curves’ for the cumulative probability of waste package failures as a function of
time—each curve corresponding to the failure time profile from one WAPDEG realization (or
one complete WAPDEG run).

6.2 CONCEPTUAL MODEL FOR WAPDEG ANALYSISOF WASTE PACKAGE
AND DRIP SHIELD

In the TSPA-SR analysis, WAPDEG Models various types of corrosion mechanisms that may
occur on a waste package and drip shield as a function of the exposure time and conditions. [For
convenience of discussion in this Section, the drip shield is considered to be an integral part of
the waste package. Except where it is necessary, no separate discussion is given for the drip
shield.] Inthe nominal case analysis of TSPA-SR, the waste package outer barrier (WPOB) and
drip shield were included in the waste package degradation analysis. The stainless-steel waste-
package inner layer, which is to provide structural support to the waste package, was not
included in the analysis. Although it would provide a certain level of performance for waste
containment and potentially act as a barrier to radionuclide transport after waste package breach,
the potential performance credit of the stainless-steel layer was ignored in the nominal TSPA-SR
anaysis.

In this analysis, a humid-air corrosion condition is defined as an exposure condition for which
the RH at the waste package surface is equal to or greater than the threshold RH in the absence
of drips. An aqueous corrosion condition requires the presence of dripping water. Corrosion and
other degradation processes and their models and parameters that have been incorporated into the
TSPA-SR waste package degradation analysis are described below.

* Threshold relative humidity (RH) for corrosion initiation. The threshold RH is based on the
deliquescence point of NaNOs salt and is a function of exposure temperature (see Sections
3.2.3 and 4.1.2). The same threshold RH is used for both the dripping and non-dripping
cases (see Section 5.2). It isassumed that a stable water layer on the surface that can support
electrochemical reactions of corrosion forms if the RH is equal to or greater than the
threshold RH.

* Humid-air and agueous general corrosion rate of waste package outer barrier. The same
general corrosion rate is used for both aqueous and humid-air general corrosion.

* Humid-air and aqueous general corrosion rate of drip shield. The same general corrosion
rate is used for both agueous and humid-air general corrosion.

» Localized corrosion (pitting and crevice corrosion) initiation threshold for the waste package
outer barrier, which is based on the corrosion potential (Ecorr) and threshold corrosion
potentia (Ei) as a function of the contacting solution pH. If Ecor = Eg, localized corrosion
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initiates. Localized corrosion also requires the presence of dripping water (see Section 5.4).
Localized corrosion ceases if the exposure condition changes such that E.,r becomes less
than E.

» Localized corrosion (pitting and crevice corrosion) penetration rate for waste package outer
barrier.

» Localized corrosion (pitting and crevice corrosion) of the drip shield is assumed not to occur
(see Section 5.3).

* The hoop stress and corresponding radial-crack stress intensity factor versus depth in the
outer barrier outer and inner closure-lid welds of the waste package.

* The Slip Dissolution Model for Stress Corrosion Cracking (SCC).

» Probability of occurrence and size of manufacturing defects in waste package outer barrier
closure-lid welds and its effect on SCC.

» Threshold RH for the initiation of microbiologically influenced corrosion (MIC) of waste
package outer barrier and the enhancement factor (uniform distribution between 1 and 2) for
genera corrosion rate dueto MIC. Thedrip shield is assumed not to be subject to MIC.

* The enhancement factor (uniform distribution between 1 and 2.5) to the general corrosion
rate for long-term aging and phase instability of waste package outer barrier. The drip shield
is assumed not to be subject to thermal aging.

» Radiation enhanced corrosion of waste package outer barrier and drip shield. It was assumed
that the waste package and drip shield are not subject to radiation enhanced corrosion under
the repository conditions.

» Because both the upper and under sides of the drip shield are exposed to the exposure
conditions in the emplacement drift, both sides are subject to corrosion if the initiation
threshold is met.

 When the waste package fails, the waste package degradation analysis also considers
corrosion degradation of the waste package on its inner surface (inside-out corrosion). The
inside-out corrosion analysis includes general corrosion and localized corrosion of the waste-
package outer barrier. The inside-out corrosion would cause penetrations by general and
localized corrosion in addition to those by outside-in corrosion only. The inside-out genera
corrosion is assumed to initiate at the time of the waste package failure. Like the outside-in
localized corrosion, initiation of the inside-out localized corrosion is based on the corrosion
potential and threshold corrosion potential, which are afunction of the pH of water inside the
breached waste package. The in-package water chemistry is determined from analysis of
degradation of the waste form and other internal materials (such as basket materials)
provided to the WAPDEG Model through the waste package and drip shield exposure
conditions (see Section 4.1.12 and Attachment 1V).
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The drip shield was assumed not to be subject to SCC because it will be fully annealed before it
is placed in the emplacement drift. Likewise, all the fabrication welds in the waste container,
except the welds for the closure lids, were assumed fully annealed and thus not subject to SCC.
Therefore, only the closure-lid welds were considered in the SCC analysis. It was assumed that
SCC is operative on the closure-lid welds if the RH of the waste package surface is greater than
the threshold RH. In addition, two alternative SCC models, the slip dissolution model and the
threshold stress intensity factor model, were considered.

Asdiscussed in detail in Section 6.2.2 of CRWMS M& O 2000h, adual closure-lid design for the
waste package outer barrier has been proposed to mitigate potential premature failure of waste
packages by SCC. The dual closure-lids are referred to as the outer lid and inner lid,
respectively, in thisreport. The outer lid is 25-mm thick and the inner lid is 10-mm thick. There
is a physical separation between the two lids. Thus, any SCC cracks initiated in the outer
closure-lid stop after penetrating it, and then the inner closure-lid welds are subject to the SCC
crack initiation and growth. See Section 6.2.2 of CRWMS M& O 2000h for details of the design.
A schematic of the dual closure-lid design is shown in Figure 4.

In order to implement the SCC processes in the dual closure-lids in an explicit way and capture
the intended purpose of the dual lid design features in the waste package degradation anaysis,
the following modelling approach has been implemented within the WAPDEG Model.

» The waste package outer barrier is modeled as two layers, with their thicknesses being
consistent with that of two closure lids: the “pseudo”-outer layer is 25-mm thick, and the
“pseudo”-inner layer is 10-mm thick. The actual design thickness of the outer barrier is 20-
mm (see Section 4.1.1). Figure 4 shows a schematic of the waste package configuration in
the WAPDEG analysis to implement the SCC of the dual closure-lid welds.

* As illustrated in Figure 4, the genera corrosion rate distribution that is applied to the
“pseudo”-outer layer (25-mm thick) was constructed by increasing the origina Alloy 22
genera corrosion rate (see Section 4.1.4) by a factor of 2.5. Because the general corrosion
rate is time-independent, this is equivalent to analyzing a 10-mm thick layer. Likewise, the
localized corrosion penetration rate for the “pseudo”-outer layer was constructed by
increasing the original penetration rate (Section 4.1.5) by a factor of 2.5. The Alloy 22
localized penetration rate is also time-independent. The origina general and localized
corrosion rate was applied to the outer layer closure-lid patches.

* The original genera corrosion rate distribution (Section 4.1.4) and localized corrosion
penetration rate (Section 4.1.5) were used for the “pseudo”-inner layer (10-mm thick)
without modification. The same original general and localized corrosion rate was applied to
the inner closure-lid patches.

» Asdiscussed above, inside-out corrosion of the waste package, after an initial breach, is aso
included in the TSPA-SR waste package degradation analysis. The inside-out corrosion
contributes to penetrations by general and localized corrosion in addition to those by the
outside-in corrosion only. The number of penetration openings (or the number of penetration
openings as a function of time) in the inner layer is used for the radionuclide release rate
from the failed waste packages. For the purpose of the inside-out corrosion analysis, the
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“pseudo’-inner layer (10-mm thick) is treated as the actual outer barrier (20-mm thick).
Thus, in the WAPDEG implementation, because the thickness of the “pseudo”-inner layer is
defined as 10-mm, the general corrosion rate for the inside-out corrosion was constructed by
decreasing the original Alloy 22 rate by a factor of 2. Likewise, the localized corrosion
penetration rate for the inside-out corrosion was reduced by a factor of 2. Thisis equivalent
to analyzing the inside-out corrosion of a 20-mm thick outer barrier. The same general and
localized corrosion rate was used for inside-out corrosion of the inner closure-lid patches.

The exposure conditions that were included in the TSPA-SR waste-package degradation analyses
are temperature and relative humidity at the waste package and drip shield surface, in-drift
dripping water contact, and pH of the water contacting the waste package and drip shield. The
temperature and relative humidity histories at the waste package and drip shield surface are
provided from the thermal-hydrologic model abstraction (CRWMS M& O 2000k). The evolution
of the water chemistry contacting the waste package and drip shield surfaces are provided in the
In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000l). The evolution of the exposure
conditions inside the waste package is provided in the In-Package Chemistry Abstraction for
TSPA-LA (CRWMS M& O 2000m).

In the analysis, the waste package surface RH is tested against the threshold RH (RHy,) for
corrosion initiation of the drip shield (DS) and waste package outer barrier (WPOB). When the
surface RH becomes greater than the threshold RH, the waste package and drip shield could
undergo different corrosion degradation modes depending on whether they are dripped on or not.

For waste packages that are not dripped on, the waste package outer barrier (and drip shield)
undergoes humid-air corrosion. Under humid-air conditions, the waste package outer barrier
(and drip shield) undergoes general corrosion all the time and fails eventualy by gradual
thinning. As discussed in Sections 4.1.3 and 4.1.4, the genera corrosion rates of the waste
package outer barrier (and drip shield) are very low.

For waste packages and drip shields that are dripped on, the wetted areas (by drips) of the drip
shield or waste package is assumed to undergo aqueous corrosion if the RH at the surface is
greater than the threshold RH. If the RH at the waste package or drip shield surface is less than
the threshold RH, the dripping water will evaporate resulting in exposure conditions more
resembling those of humid-air than aqueous corrosion. It is also assumed that dripping water
resulting from condensation on the underside of the drip shields (if it occurs) does not lead to the
aggressive agueous corrosion conditions associated with dripping water from other sources (i.e.,
the waste package is assumed to undergo humid-air corrosion only while the dripshield remains
unbreached) (see Section 5.4). General corrosion occurs all the time under agueous corrosion
conditions. Initiation of localized (pitting and crevice) corrosion is dependent on the local
exposure environment on the wetted patches. In the current analysis, localized corrosion of the
waste package outer barrier is assumed to initiate only under dripping conditions (i.e., through a
breached drip shield, see Section 5.4). Localized corrosion for a waste package outer barrier
patch is assumed to initiate if the corrosion potential (Eco) is greater than or equa to the
threshold corrosion potential (Ey). After initiated, localized corrosion continues while Eqyr =
Ei. If Ecor becomes less than Eg, localized corrosion stops. As discussed previously (see
Section 5.7), SCC of the waste package closure-lid welds was assumed operative as long as the
RH is greater than the threshold RH, regardless of whether it is dripped on or not.
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The WAPDEG analysis provides an assessment of corrosion degradation of waste packages for
three types of penetration modes: crack penetration by SCC, (in the closure weld regions only)
pit penetration by pitting and crevice corrosion, and large (or patch) opening by genera
corrosion. The analysis provides, as output, the cumulative probability of waste package failure
by one of the three penetration modes as a function of time, and the number of penetrations for
each of the penetration modes as a function of time. The waste package failure time and
penetration number profiles are used as input to other analyses such as waste form degradation
and radionuclide release rate from failed waste packages.

Schematic of Dual Closure Lids of Waste Package Outer Barrier
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6.3 IMPLEMENTATION OF CORROSION MODELSAND SIMULATION
PARAMETERS

In the current analysis, the waste package degradation model is composed of two components;
the WAPDEG dynamic-link library (WAPDEG DLL), which is responsible for modeling the
variability in waste package degradation, and the implementation thereof in the GoldSim
software (which calls the WAPDEG DLL and is responsible for treating the uncertainty in the
parameters used by the WAPDEG DLL (CRWMS M&O 1999¢)). Throughout this Section,
reference will be made to various parts of the GoldSim (Golder Associates 2000) implementation
as well as the various input files and parameters and parameter distributions used in waste
package degradation modeling.

6.3.1 GoldSim I mplementation Overview

A schematic of the GoldSim implementation, which calls the WAPDEG software, is shown in
Figure 6.

WDSeed is a stochastic element characterized by a uniform distribution between 1 and 2*-1 (the
maximum positive 32-bit integer). WDSeed is used to generate a different integer for each
GoldSim realization with which to seed the WAPDEG random number generator (note that the
output of the WDSeed element is fed into the WAPDEG_|nputs element).

The number of waste packages per GoldSim realization (entered in the GoldSim data element
labeled NumPak) was set at 400. Note that the output of the NumPak element is fed into the
WAPDEG _Inputs element.

>

WDSeed

=] NumPak hist_index

— DS_FailureGRF

it
GV£_ExternaI DS_Failure
. Combined
32 — DL
@) f‘ 1

MFD_External WAPDEG_Inputs  wappEG_External WP _Failure

WP_FailureGRF

> 3.14
16° 2

Column_Variable Failure_Opening GRF_Functions

SCCD_External

Variance_Shares

Figure 5. GoldSim implementation which calls the WAPDEG software.

The four GoldSim containers (not to be confused with waste containers) GVP_External,
MFD_External, SCCC_External, and Variance Shares shall be discussed later in this document
in relation to their specific functions.
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The Hst_Index data element contains the number 13. This represents the file index (line number
in a file named WD4DLL.WAP, which will be discussed later) of the thermal hydrologic and
chemistry time history file.

The WAPDEG_External element callsthe WAPDEG DLL and is discussed in the next section.

The other eements in the GoldSim implementation (DS FailureGRF, Combined,
WP_FailureGRF, GRF_Functions) are used only to produce graphs of the results stored in the
DS Failure, WP_Failure, and Failure_Opening elements.

6.3.2 WAPDEG-GoldSim I nterface Overview

The WAPDEG DLL (called by GoldSim through the WAPDEG_Externa element) is passed
1040 rea numbers (by GoldSim through the WAPDEG _Inputs element). Some of these inputs
tell the WAPDEG DLL which degradation models to use, while others are values of degradation
model parameters. Note that only real numbers are passed between GoldSim and the WAPDEG
DLL. As it was desired for some degradation model parameters to be represented by
distributions stored in text files, GoldSim and WAPDEG share a “file index” file,
WDA4DLL.WAP, the contents of which are shown below:

Li ne Fil e Nane
WDdA22x2p5. cdf
WDdA22SR00. cdf
WDdTi 7Sr 00. cdf
WDKI SCCO. fi |
WDSt r essO. fi l
WDndTi 7SR00. cdf
WDKI SCCM fi |
WDSt ressM fi |
WDRHcrit.fil

10 WDdA22x0p5. cdf

11 VWDMFDNDOQ. cdf

12 WOMFDSI zeO. cdf

13 WDHLW hi gh_bi n2. ou

14 WOKIi nO. fil

15 WKl i nM fi |

16 VWDMFDNDM cdf

17 WOMFDSi zeM cdf

18 WDgA22x2p5. cdf

19 WDgA22SR00. cdf

20 WDgTi 7Sr 00. cdf

21 WDgA22x0p5. cdf

22 Wi A22x2p5. cdf

©CoOoO~NOOTA~,WNPE

The line numbers and the column headings are not part of the WD4DLL.WAP file, but are
included for clarity. Using the WD4DLL.WAP file, GoldSim and WAPDEG can pass file
indices (line numbers in the WD4DLL.WAP file) in place of actual file names. The 1040 real
numbers and the contents of the filesindentified in the WD4DLL.WAP file are the only inputs to
the WAPDEG DLL.
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The DS Failure, WP_Failure, and Failure Opening elements receive the output from the
WAPDEG DLL. The DS Failure element receives a one dimensional table of drip shield first
failure times. The WP_Failure element receives a one dimensional table of waste package first
failure times. The format of both of these tablesis similar; one column containing the drip shield
or waste package first failure times in years (sorted in increasing order) and another column
containing the cumulative fraction of waste packages of drip shields failed. The Failure_Opening
element receives a two dimensional table containing 33 columns and 300 rows. The column
contents are explained in Table 12.

Table 12. Column Contents of the Failure_Opening Element.

Column Contents

Number
1 average number of patch failures (per failed drip shield) on the drip shield top
2 average number of pit failures (per failed drip shield) on the drip shield top
3 average number of crack failures (per failed drip shield) on the drip shield top
4 average number of patch failures (per failed drip shield) on the drip shield side
5 average number of pit failures (per failed drip shield) on the drip shield side
6 average number of crack failures (per failed drip shield) on the drip shield side
7 the cumulative number of first patch failures on the drip shield (top and side)
8 the cumulative number of first pit failures on the drip shield (top and side)
9 the cumulative number of first crack failures on the drip shield (top and side)
10 average number of patch failures (per failed waste package) on the waste package layer 1 top
11 average number of pit failures (per failed waste package) on the waste package layer 1 top
12 average number of crack failures (per failed waste package) on the waste package layer 1 top
13 average number of patch failures (per failed waste package) on the waste package layer 1 side
14 average number of pit failures (per failed waste package) on the waste package layer 1 side
15 average number of crack failures (per failed waste package) on the waste package layer 1 side
16 average number of patch failures (per failed waste package) on the waste package layer 1 bottom
17 average number of pit failures (per failed waste package) on the waste package layer 1 bottom
18 average number of crack failures (per failed waste package) on the waste package layer 1 bottom
19 the cumulative number of first patch failures on the waste package layer 1 (top, side, and bottom)
20 the cumulative number of first pit failures on the waste package layer 1 (top, side, and bottom)
21 the cumulative number of first crack failures on the waste package layer 1 (top, side, and bottom)
22 average number of patch failures (per failed waste package) on the waste package layer 2 top
23 average number of pit failures (per failed waste package) on the waste package layer 2 top
24 average number of crack failures (per failed waste package) on the waste package layer 2 top
25 average number of patch failures (per failed waste package) on the waste package layer 2 side
26 average number of pit failures (per failed waste package) on the waste package layer 2 side
27 average number of crack failures (per failed waste package) on the waste package layer 2 side
28 average number of patch failures (per failed waste package) on the waste package layer 2 bottom
29 average number of pit failures (per failed waste package) on the waste package layer 2 bottom
30 average number of crack failures (per failed waste package) on the waste package layer 2 bottom
31 the cumulative number of first patch failures on the waste package layer 2 (top, side, and bottom)
32 the cumulative number of first pit failures on the waste package layer 2 (top, side, and bottom)
33 the cumulative number of first crack failures on the waste package layer 2 (top, side, and bottom)

Waste package failure (for the purposes of averaging) is defined as any penetration (patch, pit, or
crack) of the waste package layer 2 (the pseudo-inner layer in Figure 4). If there are penetrations
of layer 1 (the pseudo-outer layer in Figure 4) of a waste package, but no waste container failures
(penetrations of layer 2), the number of waste package failuesis set to 0.
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6.3.3 Drip Shield Design I nput

Given a drip shield surface area and patch size, WAPDEG determines the number of patches to
be ssimulated. As discussed in Section 5.1, 500 drip shield patches were assumed to be sufficient
to model the variability in drip shield degradation. The results of sensitivity studies such as the
one shown in Figure 6, in which the number of drip shield patches was varied using values of
200, 500, and 1,000 patches per drip shield, clearly show that the results of using 500 versus
1,000 drip shield patches are very similar, providing a basis for the assumption.

1.00 T DS Time, 200 patches
—— WP Time, 200 patches
DS Time, 500 patches
- WP Time, 500 patches
£ o751 DS Time, 1000 patches /
27 —— WP Time, 1000 patches /
5]
3
£ )
2 050 -
‘3
S
S
3]
0.25 +
0.00 .
10* 10° 1068

Failure Time (years) WAPDEG 3.991

2/17/00

Figure 6. Cumulative Probability of drip shield and waste package failure
versus time for simualtions using 200, 500, and 1000 drip shield
patches and 400 waste package/drip shield pairs per simulation with
938 waste package patches

6.3.4 Waste Package Design I nput

The current waste package design consists of a 20-mm thick Alloy 22 outer barrier
encompassing a 50-mm thick 316 NG stainless stedl inner barrier (CRWMS M&O 2000n,
Section 8.1). No performance credit is taken for the 316 NG stainless steel inner barrier, i.e., the
inner barrier is not considered in waste package degradation modeling. The waste package has
one Alloy 22 lid on one end of the waste package outer barrier and two Alloy 22 lids (one 10-
mm thick inner lid and one 25-mm thick outer lid) on the closure end of the waste package outer
barrier. All welds used in waste package fabrication are assumed to be completely stress-
annealed with the exception of the closure welds on the two closure lids (see Section 5.5). Thus
only the closure lids are subject to stress corrosion cracking. As discussed in Section 6.2, in order
to best model the dual Alloy 22 lid design for the waste package outer barrier, the 20-mm Alloy
22 outer barrier is modeled as being composed of two layers; one 25-mm thick and one 10-mm
thick. The model parameters (e.g. corrosion rates) are chosen in such a way that the 25-mm thick
layer behaves like a 10-mm layer except for the region of that layer that comprises the closure-lid
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area. For example, the general corrosion rates applied to the 25 mm layer are 2.5 times greater
than those for Alloy 22 except for the lid region for which general corrosion rates appropriate for
Alloy 22 are used. In the WAPDEG code, waste package failure is defined to be the time of first
penetration of the innermost barrier, i.e., the 10-mm inner layer.

Given a waste package surface area and patch size, WAPDEG determines the number of patches
to be smulated. As discussed in Section 5.1, 938 waste package patches were determined
necessary to achieve computational efficiency. Also in Section 5.1, it was stated that 400 waste
package/drip shield pairs were sufficient to model the variability in waste package outer barrier
degradation. This conclusion was based on the results of sensitivity studies such as the one
shown in Figure 7, in which the number of waste package/drip shield pairs was varied using
values of 250 and 500 pairs per simulation. Clearly the results of using 250 versus 500 waste
package/drip shield pairs are very similar. The value of 400 pairs was decided upon to allow for
computationa efficiency and still maintain the ability to capture the variability of the uncertain
parameters passed to the WAPDEG DLL.

1.00 —
—— DS (w/ 250 WP)
— — WP (w/ 250 WP) |
—— DS (w/ 500 WP)
2 — — WP (w/500 WP) y
= 0.75 A
g /
@
g |
e
@ /
< 050 - / |
S P
>
s |
© /
0.25 - 4
S
A
0.00 L 4 |
104 105 106
Failure Time (years) WAPDEG 3,091

Figure 7. Cumulative Probability of drip shield and waste package failure
versus time for simualtions using 250 and 500 waste package/drip
shield pairs per simulation with 938 waste package and drip shield
patches.

6.3.5 Drip Shield General Corrosion Abstraction Model

6.3.5.1 Drip Shield General Corrosion Abstraction Model I mplementation

The rate of general corrosion of the titanium grade 7 drip shield, over the range of thermal-
mechanical-chemical repository-relevant exposure conditions, was determined to be insensitive
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to temperature, stress state, or water chemistry (CRWMS M&O 2000f). In the WAPDEG
conceptual model, the water condition above the drip shield could potentially have humid-air
conditions followed by dripping water conditions followed by humid-air conditions. The general
corrosion rate distribution provided for the drip shield (WDgTi7SR00.cdf) applies to both
humid-air and dripping water (agueous) conditions. However, the variance of the general
corrosion rate distribution is due to both uncertainty and variability, which differs for the two
conditions. Therefore, two calls are made to the Gaussian Variance Partitioning (GVP) DLL (see
Section 6.3.7); one with WDgTi7SR00.cdf as the input and WDdTiSR00.cdf as the output
genera corrosion rate distribution (used under dripping water conditions), and another with the
same WDgTi7SR00.cdf as the input and WDndTiSR0O0.cdf as the output general corrosion rate
distribution (used under humid-air conditions). Details of the GV P implementation are discussed
in Section 6.3.7.

6.3.5.2 Drip Shield General Corrosion Abstraction Model Validation

The model validation method used in this section is to observe that the Drip Shield Generd
Corrosion Abstraction Model is derived from qualified experimental data. This results in an
appropriate level of confidence in the model to consider it partially validated (see below). The
general corrosion rate distribution used (WDgTi7SR00.cdf) was presented in a calculation
entitled Calculation of General Corrosion Rate of Drip Shield and Waste Package Outer Barrier
to Support WAPDEG Analyss (CRWMS M&O 2000c) and is tracked with DTN:
MOO003SPA SUP02.003. In that calculation, experimentally measured general corrosion rates of
Titanium gade 7 (DTN: LL990610605924.079) are sorted in ascending order and assigned
cumulative probability values, resulting in the genera corrosion rate distribution used in the
model. The fact that the general corrosion rate distribution used in the model is derived from
qualified experimental data is considered sufficient criteria to validate the model inputs.
However, the model is implemented within the WAPDEG software, which is currently
unqualified (see Section 3.1.3), and therefore full validation of the model is not possible for that
reason.

6.3.6 Waste Package Outer Barrier General Corrosion Abstraction Model

6.3.6.1 Waste Package Outer Barrier General Corrosion Abstraction M odel
I mplementation

The rate of genera corrosion of the Alloy 22 waste package outer barrier, over the range of
repository-relevant exposure conditions, was determined to be insensitive to temperature, stress
state, or water chemistry (CRWMS M& O 2000e). In the WAPDEG conceptual model, the waste
package outer barrier could potentialy be contacted by humid-air, dripping, and in-package
(inside-out corrosion) water conditions. The general corrosion rate distribution provided for the
Alloy 22 waste package outer barrier (WDgA22Sr00.cdf) applies to al these water conditions.
As mentioned in Sections 6.2 and 6.3.4, the Alloy 22 waste package outer barrier is modeled as
two layers. This necessitated the creation of two additiona input cumulative distribution
functions (CDFs), both derived from WDgA22SR00.cdf; WDgA22x0p5.cdf in which the genera
corrosion rates from WDgA22SR00.cdf are multiplied by 0.5 (for inside-out corrosion of the
psuedo inner layer) and the cumulative probabilities are left unchanged; and WDgA22x2p5.cdf
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in which the general corrosion rates are multiplied by 2.5 (for the outside-in corrosion of the
pseudo-outer layer) and the cumulative probabilities are left unchanged. Again the variance of
the genera corrosion rate distributions is due to both uncertainty and variability. Therefore, four
calls are made to the Gaussian Variance Partitioning (GVP) DLL; once with WDgA 22x2p5.cdf
as the input and WDdA22x2p5.cdf as the output genera corrosion rate distribution (used under
humid-air and dripping conditions for the waste package outer layer), once with
WDgA22SR00.cdf as the input and WDdA22SR00.cdf as the output general corrosion rate
distribution (used under humid-air and dripping conditions for the waste package inner layer),
once with WDgA22x2p5.cdf as the input and WDiA22x2p5.cdf as the output general corrosion
rate distribution (used under in package conditions for the waste package outer layer), and once
with WDgA22x0p5.cdf as the input and WDdA 22x0p5.cdf as the output general corrosion rate
distribution (used under in package conditions for the waste package inner layer). As discussed
in Section 6.3.2, waste package failure is defined as any penetration (patch, pit, or crack) of the
waste package (pseudo) layer 2 (see Figure 4). Therefore, inside-out corrosion of waste package
layer 1 (possible only after waste package breach) has no impact on the results of a given
WAPDEG simulation. However, input must be provided to the WAPDEG code for all possible
degradation mechanisms. Details of the GV P implementation are discussed in Section 6.3.7.

6.3.6.2 Waste Package Outer Barrier General Corrosion Abstraction Model Validation

The model validation method used in this section is to observe that the Waste Package Genera
Corrosion Abstraction Model is derived from qualified experimental data. This results in an
appropriate level of confidence in the model to consider it partially validated (see below). The
general corrosion rate distribution used (WDgA22SR00.cdf) was presented in a calculation
entitled Calculation of General Corrosion Rate of Drip Shield and Waste Package Outer Barrier
to Support WAPDEG Analyss (CRWMS M&O 2000c) and is tracked with DTN:
MOO0003SPA SUP02.003. In that calculation, experimentally measured general corrosion rates of
Alloy 22 (DTN: LL990610605924.079, LL000112205924.112) are sorted in ascending order and
assigned cumulative probability values resulting in the general corrosion rate distribution used in
the model. The fact that the general corrosion rate distribution used in the model is derived from
qualified experimental data is considered sufficient criteria to validate the model inputs.
However, the model is implemented within the WAPDEG software, which is currently
unqualified (see Section 3.1.3), and therefore full validation of the model is not possible for that
reason.

6.3.7 Gaussian Variance Partitioning

Two containers in the GoldSim implementation have not been discussed; the GVP_Externd
container and the Variance Shares container. The function of these containers are similar.
Gaussian Variance Partitioning (GVP) is a routine that decomposes a cumulative distribution
function (CDF) containing both uncertainty and variability into two distributions that
characterize each element separately. This is accomplished primarily by partitioning the variance
of the origina distribution between the two resulting distributions. Gaussian variance
partitioning provides a better understanding of the sensitivity of TSPA models to the elements of
uncertainty and variability. For further discussion of the GVP agorithm, refer to Attachment 1.
Asshown in Figure 9, the Container GVP_External contains six containers.
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Figure 8. GoldSim implementation which calls the WAPDEG software.

Each of these contains the necessary inputs and parameters for a call to the GVP subroutine. For
example, Figure 10 shows the contents of the GVP_CDF_Dist_1 container.

Inputs

Figure 9. GoldSim implementation which calls the WAPDEG software.

The stochastic element, U, is the uncertain fraction of the original distribution’s variance that is
due to uncertainty and is sampled from a uniform distribution with bounds of zero and one. The
uncertain probability, qu, is used to sample the median of the variability distribution from the
uncertainty distribution and is uniformly distributed between zero and one. L isa“flag” used to
determine whether the natural logarithm should be taken of the input CDF values (column 1)
before GV P operates (and antilogartithms afterward). If L is greater than zero, then logaritms are
taken. For al six GVP calls, logarithms of the input values were not taken (L<0). Index1 is the
file index (line number in the WD4DLL.wap file) of the input CDF and Index2 is the file index
of the output CDF (the partitioned CDF output by the GV P subroutine). These inputs are stacked
in a data element named Inputs before being passed to the GVP DLL through the
GVP _Module GA22SR00 CDF element. The other five calls to the GVP DLL are similar,
differing only in the file indexes used and the name given to the GVP_Module element.
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6.3.8 Relative Humidity Threshold Abstraction Model

6.3.8.1 Relative Humidity Threshold Abstraction Model I mplementation

The relative humidity (RH) threshold (WDRHcrit.fil) variance is totally due to variability as no
uncertainty treatment was presented in the upstream analysis that supplied this data (CRWMS
M&O 2000b, Tables 7 and Figure 8) (also see DTN: LL991212305924.108). For a given
WAPDEG redlization, the RH threshold distribution is applied as an initiation critieria for all
corrosion degradation modes on the drip shield and both of the waste package layers. If the RH
read from the exposure file exceeds the critical RH (which is a function of the temperature read
from the exposure file), then corrosion degradation can initiate.

The relationship between the critical threshold RH and exposure temperature is given by a
lookup table (WDRHcrit.fil), which is listed below:

I VWDRHCrit.fil

I

# 1 2

# 19

# 1.0

I' T (°C, RH (frac.)
5 0. 7857
10 0. 7753
15 0. 7646
20 0. 7536
25 0.7425
30 0.7314
35 0. 7206
40 0.71
45 0. 6999
50 0. 6904
55 0. 6815
60 0.6735
65 0. 6664
70 0. 6604
75 0. 6556
80 0. 6522
85 0. 6503
90 0. 65
120. 6 0.501

The lines preceded by a “!” are comment lines. The first line preceded by a “#’ indicates that
thereis 1 RH critical relationship with 2 columns. The next line preceded by a“#’ indicates that
there are 19 rows in the lookup table. The next line preceded by a “#’ indicates that this lookup
table corresponds to all of the waste packages/drip shields to be smulated (a fraction of 1). This
is followed by one more comment line, which is used to specify column headers. The following
19 rows consist of temperature (°C) and RH (fraction) data pairs.
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6.3.8.2 Relative Humidity Threshold Abstraction Model Validation

The model validation method used in this Section is to observe that the Relative Humidity
Threshold Abstraction Model is derived from accepted experimental data and conservatively
assumes the presence of a NaNOs salt film (see Section 5.2) at all times. This results in an
appropriate level of confidence in the model to consider it partialy validated (see below). The
relative humidity versus temperature data used (WDRHcrit.fil) was presented in an AMR
entitled Environment on the Surfaces of the Drip Shield and Waste Package Outer Barrier
(CRWMS M&O 2000b, Tables 7 and Figure 8) (also see DTN: LL991212305924.108). The fact
that the relative humidity versus temperature data used in the model are derived from accepted
experimental data and is considered conservative is sufficient criteria to validate the model
parameters. However, the model is implemented within the WAPDEG software, which is
currently unqualified (see Section 3.1.3), and therefore full validation of the model is not
possible for that reason.

6.3.9 Drip Shield Localized Corrosion Initiation Threshold and Rate Abstraction Model
I mplementation

As discussed in Section 5.2, there is no localized corrosion initiation threshold or localized
corrosion rate model for the drip shield implemented in the WAPDEG conceptual model. As
shown in Figure 2 (Section 4.1.6), localized corrosion of titanium grade 7 cannot initiate even at
apH of 14 based onthe 3+ and 4+ confidence intervals.

6.3.10 Waste Package Outer Barrier Localized Corrosion Initiation Threshold and Rate
Abstraction M odel

6.3.10.1 Waste Package Outer Barrier Localized Corrosion Initiation Threshold and Rate
Abstraction Model I mplementation

Localized corrosion initiation for the waste package Alloy 22 outer barrier can only occur when
the waste package surface is exposed to dripping water (see Section 5.4). During each time step,
the WAPDEG DLL evaluates Equation 1 using the pH values read from the exposure file. If
evauation of Equation 1 yields a negative value (i.e., Ecritl < Ecorr), then localized corrosion
can initiate. The rate of localized corrosion is given by the values listed in Table 2 (also see
Section 5.3). As indicated by Figure 1 (Section 4.1.5), localized corrosion of Alloy 22 can not
initiate at any pH based onthe 4 €onfidence interval.

6.3.10.2 Waste Package Outer Barrier Localized Corrosion Initiation Threshold and Rate
Abstraction Model Validation

The localized corrosion initiation model used for the Alloy 22 waste package outer barrier is
validated in the Analyses and Models Report entitled Abstraction of Models for Pitting and
Crevice Corrosion of Drip Shield and Waste Package Outer Barrier (CRWMS M&O 2000d)
(DTN: MOOO03SPAPCC03.004).

The localized corrosion rate portion of the Waste Package Outer Barrier Localized Corrosion
Initiation Threshold and Rate Abstraction Model is validated by the observation, in Section 5.4,
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that the localized corrosion rate data is a conservative representation of localized corrosion rate
of Alloy 22. This observation provides confidence in the adequacy of the localized corrosion rate
model and that it is appropriate for its intended use.

6.3.11 Manufacturing Defect Abstraction Model

6.3.11.1 Manufacturing Defect Abstraction Model I mplementation

The MFD_External (in the GoldSim implementation, see Figure 6) consists of two containers as
shown in Figure 11.

H

MFD_Middle_Lid MFD_Outer_Lid

Figure 10. Contents of MFD_External Container in the GoldSim
implementation (see Figure 5).

Each of these contains the inputs and parameters necessary to call the MFD subroutine. The
contents of the container MFD_Middle Lid (used to provide input to modeling of the waste
package Alloy 22 inner lid) are presented in Figure 12. Note that throughout the GoldSim
implementation figures, the Alloy 22 outer barrier inner lid is referred to as the middle lid.

The data element, thickness, is the lid thickness in mm. The outer waste package lid is 25 mm
thick while the inner waste package lid is 10 mm thick (CRWMS M&O 2000g) (DTN:
MOO0001SPASUP03.001). The data element lid radius is 0.76 m for both the outer and inner
waste package lids. The non-detection probability parameters, b and v, uniformly range between
1.6to 5 mm and 1 to 3 (see Section 4.1.7), respectively. The fraction of waste package surface
breaking fractures, psi, is sampled from a uniform distribution with bounding values of 0.0013
and 0.0049 (see Section 4.1.7). The data elements fileFlaws and fileSize are the file indices for
the cumulative distribution functions representing the number of manufacturing defect flaws (file
index 16) and their lengths (file index 17), respectively. These inputs are passed to the MFD
DLL through the MFD_Mod element. The other call to the MFD DLL (contained in the
container MFD_OuterLid) is similar, differing only in the file indexes used (11 and 12) and the
lid thickness used (25 mm for the waste package outer lid). For further discussion of the MFD
agorithm, refer to Attachment I1.

All of the data and parameters discussed in this section were documented in the calculation
entitled Calculation of Probability and Sze of Defect Flaws in Waste Package Closure Welds to
Support WAPDEG Analysis (CRWMS M&O 2000g) and are tracked by DTN:
MOO001SPA SUP03.001.
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Figure 11. Contents of the MFD_MiddleLid Container in the
GoldSim implementation (see Figure 5).

6.3.11.2 Manufacturing Defect Abstraction Model Validation

The model validation method used in this section is to observe that the Manufacturing Defect
Abstraction Model parameters derived from qualified developed data. This results in an
appropriate level of confidence in the model to consider it partially validated (see below). All of
the data and parameters used in this model are documented in the calculation entitled Calculation
of Probability and Sze of Defect Flaws in Waste Package Closure Welds to Support WAPDEG
Analysis (CRWMS M&O 2000g) and are tracked by DTN: MOO0001SPASUP03.001. The fact
that the parameters used in the model are derived from qualified developed data is considered
sufficient criteria to validate the model inputs. However, the model is partially implemented
within the WAPDEG software, which is currently unqualified (see Section 3.1.3), and therefore
full validation of the model is not possible for that reason. Attachment Il serves as sufficient
validation for that portion of the Manufacturing Defect Abstraction Model that isimplemented in
the MFD DLL.

6.3.12 Stressand StressIntensity Profile Abstraction M odel

6.3.12.1 Stressand Stress Intensity Profile Abstraction Model | mplementation

The numerica manipulations discussed in Section 4.1.8 are implemented within the
SCCD_External container which is called by the GoldSim implementation (see Figure 6). The
contents of the SCCD_External container are shown in Figure 13.
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Figure 12. Contents of the SCCD_External Container in the
GoldSim implementation (see Figure 5).

The contents of the container SCCD_Middle _Lid are shown in Figure 13. These data elements
and functions implement the Stress and Stress Intensity Profile Abstraction discussed in Section
4.1.8 and parts of the Slip Dissolution Model Abstraction discussed in Section 4.1.9. The data
element idxinp contains the file index for the input stress intensity (K;) versus depth profiles
listed in Table 6. The data elements A1 through A4 contain the stress coefficients listed in Table
7. The data element amp contains the amplitude of the stress variation used in Equation 6
(17.236892). The data el ement nangle contains the number of angles at which Equation 7 will be
evaluated (5 or at each « /5 radians). The data el ements Y S and fys contain the yield strength and
yield strength scaling factor (F), respectively, as listed in Table 8. The stochastic element s
represents the z argument to the rscale(s ,2) function shown in Equation 8. z is sampled from a
truncated normal distribution with a mean of zero, a standard deviation of 1 and upper and lower
bounds of —3 and 3, respectively. The data element sinf contains the sine of the angle of
projection that the crack path makes with the lid norma. The function Stress ThreshML
expression element takes the output of the Stress ThreshMLfrac expression element (a vaue
sampled from a unform distribution between 0.2 and 0.3 perfectly correlated to the vaue
sampled for z) and multipliesit by the yield strength contained in the Y'S data element to obtain
the stress threshold for propagation of stress corrosion cracks (see Table 9). The data elements
idxkin and idxstr contain the file indices for the output K; and stress variability distributions (7
and 8, respectively). For further discussion of the SCCD agorithm, refer to Attachment I11.
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Figure 13. Contents of SCCD_Middle_Lid Container.

6.3.12.2 Stressand Stress Intensity Profile Abstraction Model Validation

The model validation method used in this section isto observe that the Stress and Stress Intensity
Profile Abstraction Model parameters are derived from qualified developed data. This resultsin
an appropriate level of confidence in the model to consider it partially validated (see below). All
of the data and parameters used in this model are documented in the AMR entitled Abstraction of
Models of Stress Corrosion Cracking of Drip Shield and Waste Package Outer Barrier and
Hydrogen Induced Corrosion of Drip Shield (CRWMS M&O 2000i) and are tracked by DTN:
MOOO004SPASDA04.003. The fact that the parameters used in the model are derived from
qualified developed data is considered sufficient criteria to validate the model inputs. However,
the model is partially implemented within the WAPDEG software, which is currently unqualified
(see Section 3.1.3), and therefore full validation of the model is not possible for that reason.
Attachment 111 serves as sufficient validation for that portion of the Stress and Stress Intensity
Profile Abstraction Model that isimplemented in the SCCD DLL.

6.3.13 Slip Dissolution Abstraction Model

6.3.13.1 Slip Dissolution Abstraction M odel | mplementation

The contents of the ASCCs container (see Figure 12) are shown in Figure 14.
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Figure 14. Contents of the ASCCs container in the
SCCD_External container (see Figure 12).

The nob and nib stochastic elements sample the value of n (see Equation 9) to be used in
modeling for the outer and inner lids, respectively. n is sampled from a uniform distribution
between 3 and 3.36. The expression elements ASCCob and ASCCib use the values of nob and
nib (respectively) to evaluate Equation 10 (using Equation 11) for the outer and inner lids,
respectively.

6.3.13.3ip Dislution Abgradtion Modd Vaidation

The model validation method used in this section is to observe that the Slip Dissolution
Abstraction Model parameters are derived from qualified developed data. This results in an
appropriate level of confidence in the model to consider it partially validated (see below). All of
the data and parameters used in this model are documented in the AMR entitled Abstraction of
Models of Stress Corrosion Cracking of Drip Shield and Waste Package Outer Barrier and
Hydrogen Induced Corrosion of Drip Shield (CRWMS M&O 2000i) and are tracked by DTN:
MOOO04SPASDA04.003. The fact that the parameters used in the model are derived from
qualified developed data is considered sufficient criteria to validate the model inputs. However,
the model is partially implemented within the WAPDEG software, which is currently unqualified
(see Section 3.1.3), and therefore full validation of the model is not possible for that reason.
Attachment 111 serves as sufficient validation for that portion of the Slip Dissolution Abstraction
Model that isimplemented in the SCCD DLL.

6.3.14 Waste Package Outer Barrier Microbial Induced Corrosion (M1C) Abstraction
M odel

6.3.14.1 Waste Package Outer Barrier Microbial Induced Corrosion (MIC) Abstraction
Model Implementation

The Waste Package Outer Barrier MIC Model consists of a threshold relative humidity (RH) and
a genera corrosion rate multiplier. During each time step, the WAPDEG DLL reads the RH
from the exposure file, and if this RH exceeds the threshold RH, MIC is allowed to occur. The
effect of MIC is to increase the general corrosion rate by a multiplication factor that is sampled
from a uniform distribution with alower bound of 1 and an upper bound of 2 (see Table 10).

6.3.14.2 Waste Package Outer Barrier Microbial Induced Corrosion (MIC) Abstraction
Model Validation

The model validation method used in this section is to observe that the Waste Package Outer
Barrier Microbia Induced Corrosion Abstraction Model parameters are derived from qualified
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developed data. This results in an appropriate level of confidence in the model to consider it
partially validated (see below). All of the parameters used in this model are documented in the
AMR entitled General Corrosion and Localized Corrosion of Waste Package Outer Barrier
(CRWMS M&O 2000e, Sections 6.8 and 6.10) and are tracked by DTN: LL991203505924.094.
The fact that the parameters used in the model are derived from qualified developed data is
considered sufficient criteria to validate the model inputs. However, the model is implemented
within the WAPDEG software, which is currently unqualified (see Section 3.1.3), and therefore
full validation of the model is not possible for that reason.

6.3.15 Waste Package Outer Barrier Aging and Phase I nstability Abstraction Model

6.3.15.1 Waste Package Outer Barrier Aging and Phase I nstability Abstraction M odel
I mplementation

The Waste Package Outer Barrier Aging and Phase Instability Abstraction Model consists of a
general corrosion rate multiplier distribution. Upon satisfaction of the relative humidity threshold
for initiation of corrosion degradation (Section 6.3.8), the general corrosion rate is enhanced by a
multiplier sampled from a uniform distribution with a lower bound of 1 and an upper bound of
2.5 (see Table 11).

6.3.15.2 Waste Package Outer Barrier Aging and Phase I nstability Abstraction M odel
Validation

The model validation method used in this section is to observe that the Waste Package Outer
Barrier Aging and Phase Instability Abstraction Model parameters are derived from qualified
developed data. This results in an appropriate level of confidence in the model to consider it
partialy validated (see below). All of the parameters used in this model are documented in the
AMR entitled General Corrosion and Localized Corrosion of Waste Package Outer Barrier
(CRWMS M&O 2000e, Sections 6.7.3 and 6.10) and are tracked by DTN:
LL000212405924.130. The fact that the parameters used in the model are derived from qualified
developed data is considered sufficient criteria to validate the model inputs. However, the model
is implemented within the WAPDEG software, which is currently unqualified (see Section
3.1.3), and therefore full validation of the model is not possible for that reason.

6.3.16 Waste Package and Drip Shield Exposure Conditions (RH, T, Drips/No Drips,
Seepage Water Chemistry, Etc.)

The exposure condition inputs to the WAPDEG analysis (see Section 4.1.12) are derived from
three tables of pH data, two tables of Cl data, and multiple thermo-hydrology infiltration bins
containing data on temperature and relative humidity. The PREWAP routine extracts this data
from these various tables (DTN: SN0001T0872799.006, MOO002SPALOO46.010,
MQO9911SPACDP37.001) and prepares an output table that is used as input to the WAPDEG
routine. For further discussion of the PREWAP algorithm, refer to Attachment V.
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6.3.17 Variance Sharing

The WAPDEG DLL makes use of severa variance sharing parameters. Variance sharing is
similar to Gaussian Variance Partitioning between uncertainty and variability. However variance
sharing is used to partition the variance of a variability distribution (perhaps resulting from a call
to the GVP routine) between waste package to waste package variability and patch to patch
variability on a given waste package (and/or crack to crack and pit to pit variability for localized
degradation models). That is, given a variability distribution, e.g. a general corrosion cdf, and a
variance share, the WAPDEG DLL samples a value for the general corrosion rate for a waste
package patch based on the fraction of variance (one of the VarShar_x’s).

The contents of the Variance_Share container is shown in Figure 15.
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> (] > >0 »> —> 0l > —>0
varshar_t VarShar_6 VarShar_11 VarShar_16 VarShar_21
> —> 0
— > —>-0 > —>0 > —>-0
L > —>l
Varshar.z VarShar_17
VarShar_7 —
- Varshar_12 VarShar_22
> —>-0
> —>-l >
— > —>-0 > >0 > —> 0 g =
VarShar_3 e
= VarShar_18
VarShar_8 VarShar_13 Varshar_23 VarShar_26
> |
e > —»0 > —>-0 > —>-0 > —>-l
VarShar_4 N
VarShar_9 VarShar_14 VarShar_19 VarShar_24
N >0 > — >l > —> 0l > —>-l » >0

VarShar_5

VarShar_10

VarShar_15

VarShar_20
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Figure 15. Contents of the Variance_Shares container in the GoldSim implementation
(see Figure 5).

Each of the stochastic elements VarShar_1 through VarShar 26 are sampled from a uniform
distribution with an upper bound of 1 and alower bound of zero. These sampled values are used
in asimilar manner to the stochastic element, U, in the GV P routine discussed in Section 6.3.7.

6.4 ANALYSISRESULTS

The previous Sections have documented the inputs to the WAPDEG nominal-case analysis. In
this section, the results of the WAPDEG nominal-case analysis for waste package and drip shield
degradation are presented. As discussed in Section 6.1, the waste package and drip shield
degradation analyses to be presented in this Section are for 100 realizations of WAPDEG to
account for the uncertainty analysis of the uncertain corrosion parameters. Each WAPDEG
realization corresponds to a complete WAPDEG run to represent the degradation variability for a
given number of waste package and drip shield pairs. The magor ssimulation parameters used in
the analysis are summarized below.
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» Temperature, relative humidity, and contacting solution pH histories in the presence of
backfill (see Section 6.3.16)

* 400 waste package and drip shield pairs

» 20 mm thick waste package outer barrier (Alloy 22)

e 15 mm thick drip shield (Titanium grade 7)

e 938 patches per waste package

» 500 patches per drip shield

A complete list of input parameters and their values used is given in the input file, bsr8.xls
(DTN: MOO0004SPASUP01.004). The WAPDEG analysis results (i.e., waste package and drip
shield failure time and number of crack, pit and patch penetrations) are reported as a group of
“degradation profile curves’ that represent the potential range of the output parameters. All input
files used in this analysis and output files produced from this analysis are tracked by DTN:
MOO0004SPASUP01.004. The analysis results are presented for the upper and lower bounds,
median, and 95", 75", 25" and 5™ percentiles as a function of time for the following output
parameters:

* Waste package first breach (or failure)

e Drip shield first breach (or failure)

» Waste package first crack penetration

» Waste package first patch penetration

* Waste package crack penetration numbers per failed waste package
» Waste package patch penetration numbers per failed waste package
* Drip shield patch penetration numbers per failed drip shield

Note that localized corrosion does not initiate for either the waste package (Alloy 22 outer
barrier) or the drip shield, because the exposure conditions on the drip shield and waste package
surface are not severe enough to initiate localized corrosion (i.e., the corrosion potential is less
than the threshold corrosion potential) (see Sections 6.3.9 and 6.3.10). Also note that the drip
shield is assumed not to be subject to stress corrosion cracking (see Section 6.2), thus no crack
penetration failure of the drip shield is calculated. Thus, for the drip shield, the first patch breach
time profile is the same as the the failure time profile.

Figure 16 shows the the upper and lower bounds, median, and 95", 75", 25™ and 5™ percentile
confidence intervals of the first breach profile for the waste packages with time. The upper
bound profile, which is the upper extreme of the probable range of the first breach time, indicates
that the earliest possible first breach time for a waste package is about 51,000 years. Note that
the estimated earliest possible first breach time has a very low probability. It can be shown by
comparing with the upper bound profile in Figure 19 (showing the first crack breach profiles of
waste packages with time) that the first breach is by SCC crack penetration (see the discussion of
the results in Figure 17 and Figure 18 later in this Section). The median estimate (50% of waste
packages failed) of the first breach time of the upper bound profile is about 120,000 years. The
first breach time of the median profile is about 80,000 years. The second waste package breach
time of the upper bound and median profilesis about 59,000 and 86,000 years, respectively. The
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time to fail 10 percent of waste packages for the two profiles is about 80,000 and 171,000 years,
respectively.

Figure 17 shows the first breach profiles of drip shields with time. Because the drip shields are
not subject to stress corrosion cracking and localized corrosion, the first breach profiles shownin
the figure are all by general corrosion only. As discussed in Section 6.2, both the upper and
under sides of the drip shield are exposed to the exposure conditions in the emplacement drift
and are subject to corrosion. In addition, both sides experience the same exposure conditions
regardless of whether the drip shields are dripped on or not. Thus, in the analysis, the general
corrosion rate for the drip shields is sampled twice independently, once for the patches on the
upper side and the once for the patches on the under side. This results in reduced variability in
the degradation profiles and thus a fast failure rate (i.e.,, many drip shields failing over a short
time period). Thisisshown in the upper bound profile, in which the drip shield first breach starts
at about 24,000 years and 50 percent of the drip shields fail within a couple of thousand years
after the initial failure. Similar trends are also seen with the 95", 75™ and median profiles. In
terms of the number of patch penetration openings per failed drip shield with time in Figure 18,
the upper bound profile shows that as the drip shields fail, a large number of patches are
perforated over arelatively short time period (a few thousand years). A similar trend is seen for
the 95™ percentile profile. However, the profile shows alarger spread for the other profiles.

Figure 19 and Figure 20 show respectively the first crack penetration and patch penetration
profiles of the waste packages with time. The first crack breach times of the upper bound and
95" percentile profiles are about 51,000 and 61,000 years respectively (Figure 19), and the first
patch breach times of the upper and 95" percentile profiles are about 62,000 and 64,000 years,
respectively (Figure 20). Comparison of the first crack and patch breach profiles with the first
breach profiles in Figure 17 indicates that the initial breach (or failure) of the waste Eackages is
likely by SCC crack penetration in the waste package closure lid welds. For the 75 percentile
profiles in the figures, the first crack and patch penetration times are about the same (about
72,000 years). For the remaining profiles, the first crack and patch penetration times are
reversed. Therefore, for the median profile, patch breach by general corrosion occurs earlier than
crack penetration.

Figure 21 shows the profile for the number of crack penetrations per failed waste package. As
discussed for Figure 20, the upper bound and 95" percentile profiles show the first crack
penetration at about 51,000 and 61,000 years respectively. For the median profile, the first crack
penetration occurrs at about 180,000 years (note the median profile curve starts at about 90,000
years, which has resulted from the interpolation in the post-processing of the WAPDEG analysis
results) Except for the upper bound profile, which represents an extremely low probability
condition, the failed waste packages have no more than 5 crack penetrations for up to 100,000
years. SCC cracks in passive alloys such as Alloy 22 tend to be very tight (i.e., small crack
opening displacement) by nature (CRWMS M&O 2000a). The opposing sides of through-wall
SCC cracks will continue to corrode at very low passive corrosion rates until the gap region of
the tight crack opening is “plugged” by the corrosion product particles and precipitates such as
carbonate present in the water. Any water transport through this oxide/salt filled crack area will
be mainly by diffusion-type transport processes(CRWMS M& O 2000a). Thus, both the effective
water flow rate into the waste packages and the radionuclide release rate from the waste
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packages through the SCC cracks would be expected to be extremely low and should not
contribute significantly to the overall radionuclide release rate from the repository.

Figure 22 presents the profile for the number of patch openings per failed waste package. For
the upper bound profile, which again represents an extremely low probability case, the first patch
breach occurs at about 62,000 years (see also Figure 21), and about 100 patches of the failed
waste packages (about 10 percent of the waste package surface ared) are breached by 100,000
years. In this case, if the waste packages are subject to dripping conditions, the rates of water
flow into and radionuclide release from the failed waste packages would be high and thus could
affect the repository performance significantly. For the median profile, the first patch opening
breach occurs at about 85,000 years, and there will be only two patch openings in each of the
failed waste packages by 100,000 years.

Fraction of Waste Packages 1st Breach Versus Time
(100 Realizations; 20-mm WPOB; 15-mm DS; 400 WP/DS Pairs;Backfill)
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Figure 16. The Upper and Lower Bounds, Median, and 95", 75", 25" and 5"
Percentile Confidence Intervals of the First Breach Profile of Waste
Packages with Time.
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Fraction of Drip Shield 1st Breach Versus Time
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Figure 17. The Upper and Lower Bounds, Median, and 95", 75", 25" and 5"
Percentile Confidence Intervals of the First Breach Profile of Drip
Shield with Time.
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Figure 18. The Upper and Lower Bounds, Median, and 95", 75", 25" and 5"
Percentile Confidence Intervals of the Number of Patch Penetrations
per Failed Drip Shield Profile with Time.
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Waste Package Inner Barrier 1st Crack Failure
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Figure 19. The Upper and Lower Bounds, Median, and 95", 75", 25" and 5"
Percentile Confidence Intervals of the First Crack Breach Profile of
Waste Packages with Time.
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Figure 20. The Upper and Lower Bounds, Median, and 95", 75", 25" and 5"
Percentile Confidence Intervals of the First Patch Breach Profile of
Waste Packages with Time.
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Figure 21. The Upper and Lower Bounds, Median, and 95", 75", 25" and 5"
Percentile Confidence Intervals of the Number of Crack Penetrations
per Failed Waste Package Profile with Time.
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Figure 22. The Upper and Lower Bounds, Median, and 95", 75" 25" and 5™
Percentile Confidence Intervals of the Number of Patch Penetrations
per Failed Waste Package Profile with Time
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7. CONCLUSIONS

A conceptual model for the nominal case analysis of degradation of drip shield and waste
package in the Y ucca Mountain repository was developed, incorporating the data and analyses of
the individual degradation processes documented in the companion process-level analysis AMRs
(CRWMS M&O 2000aj, 1999c). The conceptua model and the abstractions of the process-
level models and their parameters were incorporated into the integrated waste package
degradation model (WAPDEG). Incorporating the exposure conditions (temperature, relative
humidity and pH of contacting solution) of the waste packages and drip shields in the repository,
the WAPDEG analysis was conducted to develop a detailed description of waste package and
drip shield degradation and to develop the degradation abstractions as input to the total system
performance assessment (TSPA) analysis.

The waste package and drip shield degradation analyses have shown that based on the current
corrosion model abstractions and assumptions, neither the drip shields nor the waste packages
fail within the regulatory time period (10,000 years). In particular, the waste package service
lifetime is predicted to extend far beyond the regulatory time period (failure beginning at about
50,000 years). The candidate materials for the drip shield (titanium Grade 7) and the waste
package outer barrier (Alloy 22) are highly corrosion resistant and, under the repository exposure
conditions, are not expected to be subject to the degradation processes that, if initiated, could
lead to failure in a short time period. Those degradation modes are localized corrosion (pitting
and crevice corrosion), stress corrosion cracking (SCC), and hydrogen induced cracking (HIC)
(applicable to drip shield only). Both the drip shield and waste package degrade by genera
corrosion at very low passive dissolution rates. The current experimental data and detailed
process-level analyses, upon which the model abstractions incorporated in the WAPDEG
analysis are based, are consistent with this conclusion. Only the closure-lid welds of the waste
package, for which complete stress mitigation may not be possible, may be subject to rapidly
penetrating corrosion modes under the expected repository conditions (CRWMS M&O 2000e,
2000f, 2000h, and 2000j). Because of the potential residual stresses, the closure-lid welds would
be subject to SCC. Asdiscussed in Abstraction of Models of Stress Corrosion Cracking of Drip
Shield and Waste Package Outer Barrier and Hydrogen Induced Corrosion of Drip Shield
(CRWMS M&O 2000i), once a SCC crack initiates, it penetrates the closure-lid thickness in a
very short time. The analysis also demonstrated the importance of stress mitigation in the
closure-lid welds to avoid premature failures of waste packages by SCC.

To mitigate the SCC threat to potential early failure of the waste package, a dua closure-lid
design for the waste package outer barrier has been proposed, and different stress mitigation
techniques have been proposed for the dua closure-lid welds. induction heating solution
annealing for the outer closure-lid welds and laser peening for the inner closure-lid welds
(CRWMS M&O 2000h). The numerical modeling-based analyses have shown that the hoop
stress (driving radia cracks) is the dominant stress in the closure-lid welds that could cause SCC
failure of waste package. The analyses also have shown that the above stress mitigation
techniques can achieve a substantial stress relief for the closure-lid welds (CRWMS M&O
2000h). According to the analyses, mitigation of the hoop stress in the outer closure-lid welds
has resulted in a stress state such that the corresponding stress intensity factor for the radial crack
IS negative to a depth of 12-mm from the surface. For the inner closure-lid welds, the stress
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intensity factor is negative to a depth of 5-mm. Thus, in the waste package degradation analysis,
no SCC cracks initiate in the closure-lid welds until the layer with a negative stress intensity
factor (i.e., compressive stress zone layer) is removed by general corrosion.

The predicted long life-time of the waste packages in the current analysis is attributed mostly to
1) the stress mitigation to the substantial depths in the dual closure-lid welds and 2) the very low
general-corrosion rate applied to the closure-lid welds to remove the compressive stress zones,
providing along delay time before initiating SCC crack growth. One of the major uncertainties
associated with the current analysis is the technical challenge and demonstration to achieve the
stress mitigation in the closure-lid welds as dictated from the numerical analyses. In addition,
because of alarge number of waste packages (12,000 or more) to be emplaced in the repository
and because the closure-lid welding will be conducted remotely, the quality control and quality
assurance (QC and QA) in the welding and subsequent stress mitigation would be another major
uncertainty. The uncertainties associated with the hoop stress and stress intensity factor used in
the current analyses need to be closely re-evaluated for the future analysis. Other magor
uncertainty in the current analysis is the general corrosion rate used for the closure-lid welds.
Additional testing and analyses are needed to confirm the general corrosion rate.

Other uncertaities associated with the current analysis have to do with the modeling assumption
that the non-closure lid weld area of the waste package is fully annealed and no significant stress
state is expected to develop during the life-time in the repository. This assumption will be
evaluated as additional data and/or analysis is developed. In addition, there are uncertainties in
the current analysis from the use of conservative assumptions. One example is the hoop stress
and corresponding (radial crack) stress intensity factor profiles used in the current analysis,
which are for the condition at the time of manufacturing. As a crack propagates in the closure-
lid welds and/or the welds are thinned by general corrosion, stresses in the welds may re-
distribute in such a way that the SCC initiation and crack growth are mitigated (see Section 5.5)
(CRWMS M&O 2000h). Such a stress re-distribution or relaxation is not considered in the
current abstraction.

Additionally, because of the conservatism in the current threshold RH to initiate corrosion of the
drip shield and waste package, no benefit of the drip shield is captured in the WAPDEG anaysis
for waste package degradation. As discussed in Section 6.2, the threshold RH is based on the
deliquescence point of NaNO3 salt as a function of temperature (this effectively incorporates any
effect of dust deposition on the waste package surface from any preclosure activities). The same
threshold RH is used for both the dripping and non-dripping cases. Redlistically, while the drip
shield is operative, it will keep the corrosive dripping water from contacting the underlying
waste package and provide more benign (or less corrosive) exposure conditions for the waste
package. A more realistic model for the corrosion initiation threshold is needed.

Analyses documented in this AMR are limited to the Enhanced Design Alternative (EDA) 11 and
the waste-package outer barrier dual-lid design. The results may not be applicable to other
design considerations.
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This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur, as a result of completing the
confirmation activities, will be reflected in subsequent revisions. The status of the input
information quality may be confirmed by review of the Document Input Reference System
database.
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ATTACHMENT |

GVP SOFTWARE ROUTINE REPORT

1. SOFTWARE ROUTINE IDENTIFICATION

Name and Version Number: GVP (Gaussian Variance Partitioning), version 1.01

This routine was developed using Microsoft Developer Studio 97 with Visual Fortran 5.0,
Standard Edition.

SRR Document Identification Number: N/A

SRR Media Number (if applicable): N/A

2. DESCRIPTION AND TESTING

GVP is a routine that decomposes a Cumulative Distribution Function (CDF) containing both
uncertainty and variability into two distributions that characterize each element separately. This
provides a better conceptual understanding of TSPA model sensitivity to the elements of
uncertainty and variability. The outputs of GVP are:

» A text file containing a CDF table for the variability distribution, and
* Anoutput argument which contains the median of the variability distribution.

2.1 DESCRIPTION OF SOFTWARE ROUTINE AND THE EXECUTION
ENVIRONMENT

The GVP source code is a Fortran program 262 lines in length. It conforms to the Fortran 90
standard and is thus highly portable. The subroutine GVP was developed and tested in the
Windows NT 4.0 operating system, and has been compiled with Visual Fortran 5.0, Standard
Edition for Microsoft Windows 32 bit operating system environments. GVP compiled as a
dynamic link library (GVP.DLL) may be coupled with GoldSim (Golder Associates 2000)
though its external element mechanism. Inserting data elements in the GoldSim environment
alows input parameters to be specified. GVP directly links to and runs within GoldSim for
modeling waste package failures. The outputs are used by GoldSim to generate distributions for
waste package failures and consequent dose.

The CDF table file formats consists of a first line containing the number of rows in the CDF
lookup table with the following lines containing two columns of numbers. The first column of
numbers is the distribution values in increasing order. The second column contains the
cumulative probability values.
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Compilation of GVP requires several Fortran modules to be present from the WAPDEG library
(CRWMS M&O 1999f). These are modDefaultSize and modStandardNormal.

The bulk of GVP's coding is devoted to computing the variability distribution by calculation of
normal scores. The inputs are read as part of the argument list of GVP, as the elements of array

in(*):

in(1) = The fraction of the variance belonging to uncertainty.

in(2) = The fractile value of the uncertainty distribution to place the median value of the
variability distribution.

in(3) = Take logarithmic transform (positive value, yes; zero or negative value, no).

in(4) = fileindex for the input file (combined uncertainty and variability) CDF.

in(5) = fileindex for the output file (variability) CDF.

The last two inputs are indices (line numbers) within a reference list file (WD4DLL.WAP) for
filenames used by several External Functions used by GoldSim for waste package simulation.

The output consists of the variability CDF written to the files indexed in(5), and the median of
the variability distribution (written to out(1)). Like all GoldSim External Functions, the coding
standard requires all External Functions to accept as input a method variable, which controls the
operation of the program. If an External Function is called with the following values of method,
the following will occur:

method =0 Initialize (GVP requires no initialization, thus nothing happens).

method=1 Normal calculation (for GV P, compute the variability CDF).

method =2  Report the version number as out(1).

method =3  Report the number of input and output arguments as out(l) and out(2),
respectively (for GVP, this should yield the values 5 and 1, respectively).

method =99 Clean up, close any open files.

2.2 DESCRIPTION OF THE ALGORITHM

Gaussian variance partitioning starts with a distribution that involves both uncertainty and
variability and then works backward to obtain two separate distributions, one that characterizes
variability and another that characterizes uncertainty. This is accomplished by assuming that
uncertainty and variability are independent. If the mixed distribution is normally distributed, i.e.

N(u,aj +0?), then it can be represented as arandom variable y having the form
y=m+v

where m isanormal random variable with mean u and variance Jj , and visanormal random

variable with mean zero and variance o’. Thus, yis a random variable distributed around the

mean U with a total variance given by the sum of the variances due to uncertainty and

variability. If uncertainty is defined as the uncertainty in the mean value and variability as the
variance about that mean, then y can be alternatively parameterized as
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y ~N(m,o7), where m~N(u,07%)

The uncertain mean is represented by the random variable, m, which is normally distributed
with mean, u and variance, aj. The random variable, y, is then the convolution of the

distributions of the random variable given by m and a random variable, v, which can be
represented by the addition of two normal random variables as given above where

m~N(u,0;)and v~N(0,0))

Thus, given the distributions for m and v, a variability distribution is realized by sampling a
value from the parameter uncertainty distribution and adding it to the mean zero variability
distribution.

This partitioning method can be extended to non-normal distributions by means of a score
transform (Deutsch and Journel 1992, p.138) mapping the percentiles of the non-normal CDF to
those of the standard normal by a lookup table. The normal score transforms works best if the
non-normal CDF is as symmetric as possible. This may sometimes be accomplished by using the
natural logarithms of CDF values. The natural logarithms of the CDF values are used to perform
the normal score transformation and the transformed distribution is used to partition the total
variance of the transformed distribution between uncertainty and variability. Finally the normal
score transformation is applied in reverse to the resultant distributions to obtain a final
distribution for variability.

The GV P subroutine was developed to effectively create variability distributions from randomly
distributed input data consistent with the above approach.

2.3 DESCRIPTION OF TEST CASE

Industry standard software used to test the GVP routine are:

» MathCad 2000 Professional. This software was used to perform hand calculation verification
of GVP

* Excel 97 SR-2. Excel was used to compare the outputs from MathCad and GV P.

The above software programs were executed on an |BM-compatible workstation equipped with a
Pentium Il processor in the Windows NT operating system

The GVP routine performance was verified by running it in GoldSim and comparing its output to
that of a MathCad model using the same CDF as input. Since the inputs used for these
calculations are not considered data, they do not require a TBV/TBD tracking number. Three
test cases were run to validate the routine across the range of expected inputs. The outputs were
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imported to an Excel worksheet to compare and quantify the differences. The Excel results for
each test case are presented in Tables 1-3.

The MathCad model uses the built-in MathCad functions cnorm, gnorm, and linterp. The
MathCad worksheet text isincluded in Section 3.

The test case requires an input file, a text file WD4DLL.wap, which is a list of filenames to be
read by GVP. A listing of WD4DLL.wap is provided in Section 3. Lines in the file contain the
names of files used by GVP for the input and output CDFs.

24 DESCRIPTION OF TEST RESULTS

The following table's present comparisons between GVP and MathCad outputs using the same
input CDF.

Table 1. Test Case 1 Comparison

Output From GVP Ver. 1.01 MathCad Output Difference
27.00 27 2
1.0000000000E-12| 0.0000000000E+00| 1.0000000000E-12| 0.0000000000E+00| 0.0000E+00| 0.0000E+00
7.9080728003E-06| 3.8461538462E-02|7.9080728003E-06| 3.8461538462E-02|-3.0700E-17| 0.0000E+00
7.9227282370E-06| 7.6923076923E-02|7.9227282370E-06| 7.6923076923E-02| 4.5799E-17| 0.0000E+00
8.9166513808E-06| 1.1538461538E-01|8.9166513811E-06| 1.1538461538E-01|-3.1120E-16| 0.0000E+00
1.5980592034E-05| 1.5384615385E-01|1.5980592034E-05| 1.5384615385E-01| 3.6300E-16| 0.0000E+00
1.6075475435E-05| 1.9230769231E-01|1.6075475435E-05| 1.9230769231E-01|-7.2997E-17| 0.0000E+00
1.6460828662E-05| 2.3076923077E-01|1.6460828662E-05| 2.3076923077E-01| 4.6800E-16| 0.0000E+00
1.9234298278E-05| 2.6923076923E-01|1.9234298278E-05| 2.6923076923E-01| 5.7998E-17| 0.0000E+00
2.1997414128E-05| 3.0769230769E-01|2.1997414128E-05| 3.0769230769E-01|-2.9000E-16| 0.0000E+00
2.3587950691E-05| 3.4615384615E-01|2.3587950691E-05| 3.4615384615E-01| 4.5200E-16| 0.0000E+00
2.3707715534E-05| 3.8461538462E-01|2.3707715534E-05| 3.8461538462E-01|-2.5800E-16| 0.0000E+00
2.3905721918E-05| 4.2307692308E-01|2.3905721918E-05| 4.2307692308E-01|-3.1200E-16| 0.0000E+00
2.4390559388E-05| 4.6153846154E-01|2.4390559388E-05| 4.6153846154E-01|-3.7700E-16| 0.0000E+00
2.5278489449E-05| 5.0000000000E-01|2.5278489449E-05| 5.0000000000E-01|-4.3000E-16| 0.0000E+00
3.4976429294E-05| 5.3846153846E-01|3.4976429294E-05| 5.3846153846E-01|-3.2100E-16| 0.0000E+00
4.1075553863E-05| 5.7692307692E-01|4.1075553863E-05| 5.7692307692E-01| 4.8600E-16| 0.0000E+00
4.2653925254E-05| 6.1538461538E-01|4.2653925254E-05| 6.1538461538E-01|-1.2100E-16| 0.0000E+00
4.2831705762E-05| 6.5384615385E-01|4.2831705762E-05| 6.5384615385E-01|-2.2200E-16| 0.0000E+00
4.7949103820E-05| 6.9230769231E-01|4.7949103820E-05| 6.9230769231E-01|-2.4002E-17| 0.0000E+00
5.5667093052E-05| 7.3076923077E-01|5.5667093052E-05| 7.3076923077E-01|-4.5900E-16|-9.9920E-16
6.3631129194E-05| 7.6923076923E-01|6.3631129194E-05| 7.6923076923E-01| 2.6099E-16| 0.0000E+00
6.4961801788E-05| 8.0769230769E-01|6.4961801788E-05| 8.0769230769E-01|-3.8500E-16| 0.0000E+00
7.0683238187E-05| 8.4615384615E-01|7.0683238187E-05| 8.4615384615E-01| 2.9401E-16| 0.0000E+00
7.7898693790E-05| 8.8461538462E-01|7.7898693789E-05| 8.8461538462E-01| 6.5600E-16| 0.0000E+00
8.1978768245E-05| 9.2307692308E-01|8.1978768244E-05| 9.2307692308E-01| 6.0000E-16| 0.0000E+00
1.1187640145E-04| 9.6153846154E-01|1.1187640145E-04| 9.6153846154E-01| 5.9997E-17| 0.0000E+00
3.2500000000E-04| 1.0000000000E+00|3.2500000000E-04| 1.0000000000E+00| 0.0000E+00| 0.0000E+00
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Table 2. Test Case 2 Comparison

Output from GVP version 1.01

MathCad Output

Difference

27.00

27.00

2.00

1.0000000000E-12

0.0000000000E+00

1.0000000000E-12

0.0000000000E+00

0.0000E+00

0.0000E+00

7.9080729562E-06

3.8461538462E-02

7.9080729562E-06

3.8461538462E-02

-1.4500E-17

0.0000E+00

7.9227517980E-06

7.6923076923E-02

7.9227517980E-06

7.6923076923E-02

-3.9800E-17

0.0000E+00

9.2535733347E-06

1.1538461538E-01

9.2535733351E-06

1.1538461538E-01

-3.8870E-16

0.0000E+00

1.5980628924E-05

1.5384615385E-01

1.5980628924E-05

1.5384615385E-01

-1.1000E-16

0.0000E+00

1.6075496082E-05

1.9230769231E-01

1.6075496082E-05

1.9230769231E-01

3.3300E-16

0.0000E+00

1.6461749708E-05

2.3076923077E-01

1.6461749708E-05

2.3076923077E-01

1.7600E-16

0.0000E+00

1.9362461435E-05

2.6923076923E-01

1.9362461435E-05

2.6923076923E-01

-1.0998E-17

0.0000E+00

2.2031225218E-05

3.0769230769E-01

2.2031225218E-05

3.0769230769E-01

-7.0998E-17

0.0000E+00

2.3588017360E-05

3.4615384615E-01

2.3588017360E-05

3.4615384615E-01

2.8500E-16

0.0000E+00

2.3707782923E-05

3.8461538462E-01

2.3707782923E-05

3.8461538462E-01

2.2999E-17

0.0000E+00

2.3906188955E-05

4.2307692308E-01

2.3906188955E-05

4.2307692308E-01

3.0002E-17

0.0000E+00

2.4397046701E-05

4.6153846154E-01

2.4397046701E-05

4.6153846154E-01

1.9300E-16

0.0000E+00

2.5278489449E-05

5.0000000000E-01

2.5278489449E-05

5.0000000000E-01

-4.3000E-16

0.0000E+00

3.5694618764E-05

5.3846153846E-01

3.5694618764E-05

5.3846153846E-01

-1.0500E-16

0.0000E+00

4.1095792129E-05

5.7692307692E-01

4.1095792129E-05

5.7692307692E-01

3.0200E-16

0.0000E+00

4.2654007281E-05

6.1538461538E-01

4.2654007281E-05

6.1538461538E-01

3.4100E-16

0.0000E+00

4.2831787163E-05

6.5384615385E-01

4.2831787163E-05

6.5384615385E-01

1.9900E-16

0.0000E+00

4.8140240689E-05

6.9230769231E-01

4.8140240689E-05

6.9230769231E-01

-4.1900E-16

0.0000E+00

5.5950749656E-05

7.3076923077E-01

5.5950749656E-05

7.3076923077E-01

2.6001E-17

-9.9920E-16

6.3633879490E-05

7.6923076923E-01

6.3633879490E-05

7.6923076923E-01

-2.5601E-16

0.0000E+00

6.4961864359E-05

8.0769230769E-01

6.4961864359E-05

8.0769230769E-01

-1.6400E-16

0.0000E+00

7.0716507075E-05

8.4615384615E-01

7.0716507075E-05

8.4615384615E-01

-3.0087E-18

0.0000E+00

7.7951300826E-05

8.8461538462E-01

7.7951300826E-05

8.8461538462E-01

-1.1499E-16

0.0000E+00

8.1982636492E-05

9.2307692308E-01

8.1982636491E-05

9.2307692308E-01

5.4301E-16

0.0000E+00

1.1187767631E-04

9.6153846154E-01

1.1187767631E-04

9.6153846154E-01

-2.5400E-15

0.0000E+00

3.2500000000E-04

1.0000000000E+00

3.2500000000E-04

1.0000000000E+00

0.0000E+00

0.0000E+00

Table 3. Test Case 3 Comparison

Output from GVP version 1.01

MathCad Output

Difference

27.00

27.0

2.0

1.0000000000E-12

0.0000000000E+00

1.0000000000E-12

0.0000000000E+00

0.0000E+00

0.0000E+00

6.3582282761E-11

3.8461538462E-02

6.3582282743E-11

3.8461538462E-02

1.7910E-20

0.0000E+00

6.3446588157E-10

7.6923076923E-02

6.3446588137E-10

7.6923076923E-02

2.0251E-19

0.0000E+00

5.0326740107E-09

1.1538461538E-01

5.0326740085E-09

1.1538461538E-01

2.1753E-18

0.0000E+00

3.6855544470E-08

1.5384615385E-01

3.6855544450E-08

1.5384615385E-01

1.9729E-17

0.0000E+00

2.6487663977E-07

1.9230769231E-01

2.6487663953E-07

1.9230769231E-01

2.4123E-16

0.0000E+00

1.9342192774E-06

2.3076923077E-01

1.9342192757E-06

2.3076923077E-01

1.7324E-15

0.0000E+00

4.4095920679E-06

2.6923076923E-01

4.4095920678E-06

2.6923076923E-01

1.4480E-16

0.0000E+00

4.8110822300E-06

3.0769230769E-01

4.8110822298E-06

3.0769230769E-01

1.8540E-16

0.0000E+00

5.2662267575E-06

3.4615384615E-01

5.2662267573E-06

3.4615384615E-01

2.2480E-16

0.0000E+00

5.7875359227E-06

3.8461538462E-01

5.7875359224E-06

3.8461538462E-01

2.9230E-16

0.0000E+00

6.3910264402E-06

4.2307692308E-01

6.3910264399E-06

4.2307692308E-01

2.9670E-16

0.0000E+00

7.0976697807E-06

4.6153846154E-01

7.0976697803E-06

4.6153846154E-01

3.5060E-16

0.0000E+00

7.9054224445E-06

5.0000000000E-01

7.9054224445E-06

5.0000000000E-01

-1.7700E-17

0.0000E+00
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Output from GVP version 1.01

MathCad Output

Difference

7.9060976482E-06

5.3846153846E-01

7.9060976482E-06

5.3846153846E-01

-1.5801E-17

0.0000E+00

7.9068263259E-06

5.7692307692E-01

7.9068263259E-06

5.7692307692E-01

3.5501E-17

0.0000E+00

7.9076192799E-06

6.1538461538E-01

7.9076192799E-06

6.1538461538E-01

3.5901E-17

0.0000E+00

7.9084905343E-06

6.5384615385E-01

7.9084905343E-06

6.5384615385E-01

2.2900E-17

0.0000E+00

7.9100698220E-06

6.9230769231E-01

7.9100698220E-06

6.9230769231E-01

-1.6700E-17

0.0000E+00

7.9126008365E-06

7.3076923077E-01

7.9126008365E-06

7.3076923077E-01

-6.1003E-18

-9.9920E-16

7.9155056342E-06

7.6923076923E-01

7.9155056342E-06

7.6923076923E-01

3.4600E-17

0.0000E+00

7.9314566958E-06

8.0769230769E-01

7.9314566958E-06

8.0769230769E-01

2.9201E-17

0.0000E+00

7.9685378684E-06

8.4615384615E-01

7.9685378684E-06

8.4615384615E-01

4.7400E-17

0.0000E+00

9.9711015058E-06

8.8461538462E-01

9.9711015043E-06

8.8461538462E-01

1.5179E-15

0.0000E+00

1.5988963043E-05

9.2307692308E-01

1.5988963043E-05

9.2307692308E-01

-2.7300E-16

0.0000E+00

1.6378897834E-05

9.6153846154E-01

1.6378897834E-05

9.6153846154E-01

-2.7300E-16

0.0000E+00

3.2500000000E-04

1.0000000000E+00

3.2500000000E-04

1.0000000000E+00

0.0000E+00

0.0000E+00

2.5 RANGE OF INPUT PARAMETER VALUESOVER WHICH RESULTSWERE
VERIFIED

The input data used in the test case covers the range of values from 102 to >10™*. The effective
range of the test case covers values ranging from 10° to >10, or two decades. No variance
between test case values at the smallest value (107?) and the largest value (>10) is expected
because the probability of the CDF at these endpoints is zero at the low end and 1 at the high

end.

From the above tables it is concluded the GVP routine is verified by hand calculation to nine
digits over the range of inputs used. This range bounds the data inputs for which the routine will

be used.

2.6

VALIDITY

None.
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3. SUPPORTING INFORMATION

3.1 DIRECTORY LISTING OF EXECUTABLES AND DATA FILES

Directory of gvptest

02/ 27/ 00 03:23p 32,576 gvp.gsm
01/18/00 05:29p 34,882 GVP.ntd
01/27/00 02:51p 28,672 gvp_dl|.dll
02/27/00 03:17p 58 WH4DLL. wap
01/17/00 05:42p 1, 456 gTi 7SR00. cdf
02/ 27/ 00 03:05p 1, 456 gTi M6050. cdf
02/27/00 03:18p 1, 463 gTi Mb050. t xt
02/ 27/ 00 03:05p 1, 456 gTi M7505. cdf
02/27/00 03:22p 1, 463 gTi M7505. t xt
02/ 27/ 00 03:05p 1, 456 gTi N5050. cdf
02/27/00 03:19p 1, 463 gTi N5050. t xt

3.2 COMPUTER LISTING OF SOURCE CODE

SUBROUTI NE gvp(met hod, state, in, out)
Subroutine to perform Gaussian Variance Partitioning.

1
|
!
I 1. Read conbined cdf froman input file, the uncertainty
! variance share, and the uncertainty quantile |evel.
! 2. Find/print the variability cdf.

! Note if log transformoption is used the user is responsible
! for values being in the proper range for the |l og function.

1

I DEC$ ATTRI BUTES dl | export,c :: gvp

| DEC$ ATTRI BUTES val ue ;. met hod
I DEC$ ATTRI BUTES ref erence .. state
I DEC$ ATTRI BUTES ref erence cin

I DEC$ ATTRI BUTES ref erence 11 out

USE ModDef aul t si ze
USE ModSt andar dNor nal

I MPLI CI' T NONE

integer(lKind) :: nethod ! input, tells gvp what to do
integer(lKind) :: state ! return, 0 = XK

real (RKi nd) cooin(r) ! input argunents

real (RKi nd) Droout(*) ! output argunents

real (RKi nd), PAiR’ANETER 1 VERSION = 1.01
integer(1Kind), PARAMETER :: NUMN = 5, NUMOUT = 1

integer(lKind) :: cdfunit , filunit, errunit
integer(lKind) :: i, n, nl, n2, idxinp, idxout
real (RKi nd) 0 U, qu, Intrns, V, zu, nedv
character(LEN = 80) :: inputcdf, outputcdf, linel

real (RKind), ALLOCATABLE, DI MENSION(:) :: vals

real (RKi nd), ALLOCATABLE, DI MENSION(:) :: pvals

real (RKi nd), ALLOCATABLE, DI MENSION(:) :: zv

real (RKi nd), ALLOCATABLE, DI MENSION(:) :: Xv

logical (LKind) :: XK
1
i**********************************************************************

if (nethod .eq. 0) then I Initialize
state = 0
return

elseif (nethod .eq. 2) then ! Report code version
out (1) = VERSION
state = 0
return
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elseif (method .eq. 3) then ! Report nunber of argunents
out (1) = NUMN
out (2) = NUMOUT

state = 0
return
elseif (nethod .eq. 1) then I Calcul ate

U =in(1)

qu =in(2)

Intrns = in(3)

idxinp = in(4)

i dxout = in(5)

! Read |/O CDF-File names fromnaster list file

filunit = nextfreeunit()
open(unit = filunit, file = 'WMDLL. WAP")
n = max(idxinp, idxout)
doi =1, n
read(filunit,*) linel
if (i .eq. idxinp) inputcdf
if (i .eq. idxout) outputcdf
end do
close(unit = filunit)

linel
linel

! Open Input CDF-File and read contents

inquire(file = inputcdf, exist = OK)
if (.not. OK) then

state = 1
errunit = nextfreeunit()
open(unit = errunit,file = 'gvperror.log")

wite(errunit,*) "input file not found
close(unit = errunit)

return
end if
cdfunit = nextfreeunit()
open(unit = cdfunit, file = inputcdf)

read(cdfunit, *) n
ALLOCATE(val s(n))
ALLOCATE( pval s(n))
ALLOCATE(zv(n))
ALLOCATE( xv(n))
doi =1, n
read(cdfunit,*) vals(i), pvals(i)
end do
close(unit = cdfunit)

Per f orm Cal cul ati ons
If log transformed (Intrns) then take | ogs

if (Intrns .gt. 0.0) then

doi =1, n
val s(i) = log(vals(i))
end do
endi f

I Check for Iimts of nornmal functions

nl 1

n2 n

do while (pvals(nl) .le. 1.0D 15)
xv(nl) = val s(nl)
nli=nl1+1

end do

do while (pval s(n2) .ge. (1.0-1.0D 15))
xv(n2) = val s(n2)
n2 = n2-1

end do

!
I calculate nornmal values for variability and map back
I to distribution
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vV =1-U
zu = sqrt (U)*I nvNor (qu)
medv = |linterpl(n, pval s, vals, FwmdNor n( zu))
doi =nl, n2
zv(i) zu + sqrt(V)*InvNor (pval s(i))
Xv(i) linterpl(n, pvals,vals, FwdNorm(zv(i)))
end do

I If log transforned then take antil ogs

if (Intrns .gt. 0.0) then
medv = exp(medv)

doi =1, n
xv(i) = exp(xv(i))
end do
endi f

I Qutput results and cl ean up

out (1) = medv

cdfunit = nextfreeunit()

open(unit = cdfunit, file = outputcdf)
wite(cdfunit,*) n

doi =1, n
write(cdfunit,3332) xv(i), pvals(i)
3332 format (1x, 1pel7. 10, 2x, e22. 15)
end do

write(cdfunit,*)
write(cdfunit, 3330) VERSI ON
wite(cdfunit,3331) U, qu
wite(cdfunit,3338) (i, in(i), i =1, NUMN)
write(cdfunit,*)
3330 format('! Qutput fromgvp version ',f4.2)
3331 format('! Sanpled randomvariables U =",f9.5,',qu =',f9.5)
3338 format('! argunent in(',12,') ="',f12.5)
close(unit = cdfunit)
DEALLOCATE(val s, pvals, zv, xv)

state = 0
return
el seif (nethod .eq. 99) then I Shut - down
close(unit = filunit)
close(unit = cdfunit)
close(unit = errunit)
state = 0
return
el se
errunit = nextfreeunit()
open(unit = errunit, file = "gvperror.log")
wite(errunit,*) 'gvp-DLL crashed method = ', nethod
close(unit = errunit)
state = 1
return
end if ! end bl ock for nethod
CONTAI NS I linterpl, nextfreeunit

|
| **kkhkhkhdhhhhhhhhhhhhhhhdhdhhhdhdhhdrdhhdhdhhdrdhhdrddhdrdrhdrdrrdrddrrk
!

real (RKind) FUNCTION linterpl(n, x, y, xval)

linear interpolation routine froma |ookup table
Input : n, x, y, xva

|
|
|
! Qut put: (function val ue)
|
|
|
|

Local : i, ii
Argunent s
integer(lKind) :: n
real (RKi nd) crox(*), y(*), xva

! Local variable
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integer(lKind) :: i, ii

if (xval .le. x(1)) then
linterpl = y(1)

else if (xval .ge. x(n)) then
linterpl = y(n)

el se

=2

do while (xval .gt. x(ii))

=i+l

end do

i=ii-1

linterpl = y(i) + (y(ii)-y(i))*(xval - x(i))/(x(ii)-x(i))
end if
RETURN

END FUNCTION |interpl
!
!**********************************************************************
!

i nteger (I Kind) FUNCTI ON nextfreeunit()

1
! Find the smallest unit nunmber not currently attached and in use
! Avoid units 5 and 6

! Input : (none)

I Qutput: (function val ue)

! Local : i, InUse

1

|

|

Local vari abl es

integer(lKind) :: i
| ogi cal InUse

InUse = .true.
i =0
do while (InUse)
=i +1
if(i .ne. 5.and. i .ne. 6) then
inquire(i, opened = |nUse)
end if
end do
nextfreeunit =
RETURN
END FUNCTI ON next freeunit
|
i*****~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k******************************
|
END SUBROUTI NE gvp

3.3 LISTING OF MATHCAD WORKSHEET

The function, GVP(p,x, U, qu, Intrns), below partitions the variance of the discrete univariate
distribution given by the cdf table of valuesin x and cumulative probabilities in p. By matching
probability values we create atable of standard normal score values matched with x values. This
table is then used to lookup rate values that correspond to the Gaussian variance partitioning of
the standard normal for the given uncertain variability (U) and quantile (qu) both expressed as
fractions. Lntrns is an argument used as a programming flag. If Intrns > 0, the values in x are
natural logarithm transformed before interpolation (producing semi-log interpolation) and the
results of interpolation are exponentiated.

» V isthefraction of the variance that represents variability.
» zuisthe standard normal score value that corresponds to the given quantile.
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» Valuesof pand x (or Inx) make up the lookup table.

» The probability values zero and one are mapped specifically to remove the
appearances of infinity.

» zv are the standard normal values with mean zu and variance V that corresponds
to the variability distribution.

» GVP returns a matrix of values and cumulative probabilities for the variability
distribution.

The Mathcad listing of the GVP function is shown below:

GVF(p,x,U,qu,Intrng := |V « 1-U
zu  +/Ugnorm(qu, 0, 1)
InX — In(x) if (Intrns> 0)
for i 0JO..length(x) -1
2vi « |- if pp=0
o if pp=1
(zu+V @Gnorm(p;, 0, 1)) otherwise

xv; — exp(linterp(p, Inx, cnorm(zvi))) if (Intrns> 0)

xv; « linterp(p,x, cnorm(zv;)) otherwise

augmen(xv, p)

Below istheinput CDF data, column 1 contain values, column 2 contain cumulative
probabilities.
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¢Ti7SRO0 =

1.00000000000000E-12
4.18430751465541 06
7.80540055556352E- 06
7 80885552566 456 E- 05
7.81733585015286E-06
7 .99205545612104 06
1.8967 9636267 649E-05
1.607 403647547 24E-05
1.653897 51279927 E-05
2104508657 45813905
2356552408557 02E-05
2.37 302156627830 E-05
2.40325054046763E-05
2527845854484 301 505
3.99578507 297 491 E-05
4. 2620708144 1606E-05
4.28647 305322582605
5.15303018184733E-05
5.33653655152224E-05
B. 4596685265494 17 E-05
7. 1455108957 7553605
7 81641157 726803605
5.22028564406247 E-05
1.115963206061531E-04
1.12788228155534E-04
3.18405703501431 504
3.25000000000000E-04

0.00000000000000E+20
3.84615384615385E-02
7 B9Z230785230769E-02
1.15354615354615E-01
1.53846153846154E-01
192307692307 692 E-01
2307692307 69231 E-01
2692307692507 65 E-01
3.0789230789235305E-01
3.46153846153846E-01
3.8461553848155385E-01
4. 2307692507695 E-01
4.61538481558461E-01
5.00000000000000E-01
5.35461535461535E-01
8. 7B82507 682507 7 E 01
B.15354615354615E-01
B.53545153846 15401
B.92307 692307692601
7 O07BE2507 68231 EO1
7 B9Z25307B92507B9E-01
8.07652307 652507 E-01
5.46153546153546E-01
8.54515354615384 01
8.2307892507B925E-01
9.61535461538461 E-01
1.00000000000000E-+20

By changing the file names and input values to the GV P function, different cdf files are produced
by the file print functions (WRITEPRN and APPENDPRN) in Mathcad.

filnam:= "gTiM5050.cdf "

data = avP(gTi7srod ™ gTi7srod ™, 0.50,0.50, 1)
WRITEPRN(filnam) := (rows(data) cols(data) )

APPENDPRN(filnam) := data

1 ----- prmimimimimimememememem TS 4
= gt
5 0.75
g EN
g data )
g 05
2 gTi7sroo
= ,
5 025,
© ]
0 -5 —4 —4 —4 -4 —4 -4
0 510° 110" 15410 2410 2510 3-10 3.5-10

data

,gTi7SRO

General Corrosion Rate (mm/yr.)
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Cumulative Probability

filnam:= "gTiN5050.cdf "

data = ovPgTi7srod, gTi7srod®, 050, 0,50, -1)
WRITEPRN(filnam) := (rows(data) cols(data) )
APPENDPRN(filnam) := data

l ............................... 4
2 o
o 0.75
g EN
X data
0 05
2 gTi7sro6™
S eememem p
g 0.25|
© e

0

- ” -

1510* 210% 2510 3410

datamj, gTi 7SRO€I_GD
Genera Corrosion Rate (mm/yr.)

0 510 110

filnam:= "gTiM7505.cdf "

data = ovPgTi7srodE gTi7srod ™, 0.75, 0,05, 1)
WRITEPRN(filnam) := (rows(data) cols(data) )
APPENDPRN(filnarm) := data

l ------------------------------- 4
0.75
data ™ '
05
gTi7SRo0T
025/
0 , -5 —4 —4 —4 —4 —4 -4
0 540° 110" 1540 210" 250" 310" 3510

datamj, gTi 7SRO(@]
Genera Corrosion Rate (mm/yr.)

34 COMPUTERLISTING OF TEST DATA INPUT AND OUTPUT

Input master file (WD4DL L .wap).

gTi 7SR00. cdf
gTi Mb050. t xt
gTi N5050. t xt
gTi M7505. t xt
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Input CDF for test cases (file: gTi7SR00.cdf).

27

GVP output CDF for thefirst test case (file: gTiM5050.txt).

27

le-012
4.1843078146594e- 006
7.9054009555638e- 006
7.9089955296646e- 006
7.9173358901929e- 006
7.992055486121e- 006
1.5967963626765e- 005
1.6074036475472e- 005
1.6538975127993e- 005
2.1045086574814e- 005
2. 356582408857e- 005
2.3730215662783e- 005
2.4032908404677e- 005
2.527848944943e- 005
. 9997690729749e- 005
.2620708144161e- 005
. 2864730832258e- 005
. 1530301918473e- 005
. 3368369518222e- 005
. 4966882654942e- 005
. 1496108957759e- 005
7.916411977269e- 005
8.2202896440625e- 005
0.00011156328606153
0. 00011278822815553
0. 00031940970350143
0. 000325

~NoouhbhWw

0

0. 038461538461538
0. 076923076923077
.11538461538462
. 15384615384615
. 19230769230769
. 23076923076923
. 26923076923077
.30769230769231
. 34615384615385
. 38461538461539
.42307692307692
.46153846153846
0.5

. 53846153846154
. 57692307692308
.61538461538461
.65384615384615
.69230769230769
. 73076923076923
. 76923076923077
. 80769230769231
. 84615384615385
. 88461538461538
. 92307692307692
. 96153846153846
1

[eNeololoNoNoNoNoNoNe]

[eNeolojoNoNoNoloNoloNeNo]

. 0000000000E-12
. 9080728003E- 06
. 9227282370E- 06
. 9166513808E- 06
. 5980592034E- 05
. 6075475435E- 05
. 6460828662E- 05
. 9234298278E- 05
. 1997414128E- 05
. 3587950691E- 05
. 3707715534E- 05
. 3905721918E- 05
. 4390559388E- 05
. 5278489449E- 05
. 4976429294E- 05
. 1075553863E- 05
. 2653925254E- 05
. 2831705762E- 05
. 7949103820E- 05
. 5667093052E- 05
. 3631129194E- 05
.4961801788E- 05
. 0683238187E- 05
. 7898693790E- 05
. 1978768245E- 05
. 1187640145E- 04
. 2500000000E- 04

WFRPRONNOOOUOBRMDMDBDBDIMWONNNNNNRPRERPERPONNRE

ar gument
ar gument

in( 1)
in( 2)

P OOWOOONNOOOOODUIOITUORADWWWNNRPREPRERPNWO

. 000000000000000E+00
. 846153846153800E- 02
. 692307692307700E- 02
. 153846153846200E- 01
. 538461538461500E- 01
. 923076923076900E- 01
. 307692307692300E- 01
. 692307692307700E- 01
. 076923076923100E- 01
. 461538461538500E- 01
. 846153846153900E- 01
. 230769230769200E- 01
. 615384615384600E- 01
. 000000000000000E- 01
. 384615384615400E- 01
. 769230769230800E- 01
. 153846153846100E- 01
. 538461538461500E- 01
. 923076923076900E- 01
. 307692307692299E- 01
.692307692307701E- 01
.076923076923100E- 01
. 461538461538500E- 01
. 846153846153800E- 01
. 230769230769200E- 01
. 615384615384600E- 01
. 000000000000000E+00

Qut put fromgvp version 1.01
Sanpl ed random variables U =

0. 50000, qu
0. 50000
0. 50000
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Mathcad output CDF for thefirst test case (file: gTiM5050.cdf).

27

GVP output CDF for the second test case (file: gTiN5050.txt).

argunent in( 3)
argunent in( 4)
argunent in( 5)

le-012

. 9080728003307e- 006
. 9227282369542e- 006
.9166513811112e- 006
. 5980592033637e- 005
. 6075475435073e- 005
.6460828661532e- 005
. 9234298277942e- 005
2.199741412829e- 005
2.3587950690548e- 005
2.3707715534258e- 005
2.3905721918312e- 005
2.4390559388377e- 005
2.527848944943e- 005
. 4976429294321e- 005
. 1075553862514e- 005
. 2653925254121e- 005
. 2831705762222e- 005
. 7949103820024e- 005
. 5667093052459e- 005
. 3631129193739e- 005
.4961801788385e- 005
. 0683238186706e- 005
. 7898693789344e- 005
8.19787682444e- 005

0.00011187640144994
0. 000325

e R

N~NoouhADMDMMW

1. 00000
1. 00000
2. 00000

0

0. 038461538461538
0.076923076923077

[eNeoloNoNoNoNoNoNe o]

[eNolojoNoNoNoNoNoloNoNe]

.11538461538462
. 15384615384615
. 19230769230769
.23076923076923
. 26923076923077
. 30769230769231
. 34615384615385
. 38461538461539
.42307692307692
.46153846153846

0.5

. 53846153846154
.57692307692308
.61538461538461
. 65384615384615
.69230769230769
. 73076923076923
. 76923076923077
. 80769230769231
. 84615384615385
. 88461538461538
. 92307692307692
. 96153846153846

1

27

. 0000000000E- 12
. 9080729562E- 06
. 9227517980E- 06
. 2535733347E- 06
. 5980628924E- 05
. 6075496082E- 05
. 6461749708E- 05
. 9362461435E- 05
. 2031225218E- 05
. 3588017360E- 05
. 3707782923E- 05
. 3906188955E- 05
. 4397046701E- 05
. 5278489449E- 05
. 5694618764E- 05
. 1095792129E- 05
. 2654007281E- 05
. 2831787163E- 05
. 8140240689E- 05
. 5950749656E- 05
. 3633879490E- 05
. 4961864359E- 05
. 0716507075E- 05
. 7951300826E- 05
. 1982636492E- 05
. 1187767631E- 04
. 2500000000E- 04

WFRONNOOUORADMBEDMWNNNNNNRPRREPRPRONNRE

I Qutput fromgvp versi

POOWOOWONNOOOOUITUURDMWWWNNRPEPRERPNWO

. 000000000000000E+00
. 846153846153800E- 02
.692307692307700E- 02
. 153846153846200E- 01
. 538461538461500E- 01
. 923076923076900E- 01
. 307692307692300E- 01
.692307692307700E- 01
. 076923076923100E- 01
. 461538461538500E- 01
. 846153846153900E- 01
. 230769230769200E- 01
. 615384615384600E- 01
. 000000000000000E- 01
. 384615384615400E- 01
. 769230769230800E- 01
. 153846153846100E- 01
. 538461538461500E- 01
. 923076923076900E- 01
. 307692307692299E- 01
.692307692307701E- 01
. 076923076923100E- 01
. 461538461538500E- 01
. 846153846153800E- 01
. 230769230769200E- 01
. 615384615384600E-01
. 000000000000000E+00

on 1.01
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Mathcad output CDF for the second test case (file: gTiN5050.cdf).

27

GVP output CDF for the third test case (file: gTiM7505.txt).

Sanpl ed random vari abl es

argunent in( 1)
argunent in( 2)
argunent in( 3)
argunent in( 4)
argunent in( 5)

le-012
7.9080729562145e- 006
7.9227517980398e- 006
9. 2535733350887e- 006
1.598062892411e- 005
. 6075496081667e- 005
. 6461749707824e- 005
. 9362461435011e- 005
.2031225218071e- 005
. 3588017359715e- 005
. 3707782922977e- 005
2.390618895497e- 005
2.4397046700807e- 005
2.527848944943e- 005
. 5694618764105e- 005
. 1095792128698e- 005
. 2654007280659e- 005
.2831787162801e- 005
. 8140240689419e- 005
. 5950749655974e- 005
. 3633879490256e- 005
.4961864359164e- 005
.0716507075003e- 005
. 7951300826115e- 005
. 1982636491457e- 005
0.00011187767631254
0. 000325

NNNR R

oO~N~NOOOUDBDMDMDW

Wk EFOO

U =

. 50000
. 50000
. 00000
. 00000
. 00000

0. 50000, qu = 0.50000

0

0.038461538461538
0.076923076923077

[eNeoNoNoloNoNoNoNoNo]

[eNeoloNoNoNoNojoNoloNeNe]

. 11538461538462
. 15384615384615
. 19230769230769
. 23076923076923
. 26923076923077
. 30769230769231
. 34615384615385
. 38461538461539
.42307692307692
. 46153846153846

0.5

. 53846153846154
.57692307692308
.61538461538461
.65384615384615
.69230769230769
. 73076923076923
. 76923076923077
. 80769230769231
. 84615384615385
. 88461538461538
. 92307692307692
. 96153846153846

1

27

. 0000000000E- 12
. 3582282761E-11
. 3446588157E- 10
. 0326740107E- 09
. 6855544470E- 08
. 6487663977E- 07
. 9342192774E- 06
. 4095920679E- 06
. 8110822300E- 06
. 2662267575E- 06
. 7875359227E- 06
. 3910264402E- 06
. 0976697807E- 06
. 9054224445E- 06
. 9060976482E- 06
. 9068263259E- 06
. 9076192799E- 06
. 9084905343E- 06
. 9100698220E- 06
. 9126008365E- 06
. 9155056342E- 06
. 9314566958E- 06
. 9685378684E- 06
. 9711015058E- 06
. 5988963043E- 05
. 6378897834E- 05

RPRONNSNSNSNSNSNSNSNSNNOUUORMRMRPNWOOO R

©COOWWON~NOOOOOODUUNORARRWWWNNRRERPEPNWO

. 000000000000000E+00
. 846153846153800E- 02
.692307692307700E- 02
. 153846153846200E- 01
. 538461538461500E- 01
. 923076923076900E- 01
. 307692307692300E- 01
.692307692307700E- 01
.076923076923100E- 01
.461538461538500E- 01
. 846153846153900E- 01
. 230769230769200E- 01
. 615384615384600E- 01
. 000000000000000E- 01
. 384615384615400E- 01
. 769230769230800E- 01
. 153846153846100E- 01
. 538461538461500E- 01
. 923076923076900E- 01
. 307692307692299E- 01
.692307692307701E- 01
.076923076923100E- 01
.461538461538500E- 01
. 846153846153800E- 01
. 230769230769200E- 01
. 615384615384600E- 01
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3. 2500000000E-04 1. 000000000000000E+00

Qut put fromgvp version 1.01
Sanpl ed random variables U = 0.75000,qu = 0.05000

!

!

! argunent in( 1) = 0. 75000
! argunent in( 2) = 0. 05000
! argunent in( 3) = 1. 00000
! argunent in( 4) = 1. 00000
! argunent in( 5) = 4. 00000

Mathcad output CDF for the third test case (file: gTiM7505.cdf).

27 2
le-012 0
6. 358228274309e-011 0. 038461538461538
6. 3446588136749e- 010 0.076923076923077
5. 0326740085247e- 009 0.11538461538462
3. 6855544450271e- 008 0. 15384615384615
2.6487663952877e- 007 0.19230769230769
1.9342192756676e- 006 0.23076923076923
4.4095920677552e- 006 0. 26923076923077
4.8110822298146e- 006 0. 30769230769231
5.2662267572752e- 006 0. 34615384615385
5. 7875359224077e- 006 0. 38461538461539
6.3910264399033e- 006 0.42307692307692
7.0976697803494e- 006 0. 46153846153846
7.9054224445177e- 006 0.5
7.9060976482158e- 006 0.53846153846154
7.9068263258645e- 006 0.57692307692308
7.9076192798641e- 006 0. 61538461538461
7.9084905342771e- 006 0. 65384615384615
7.9100698220167e- 006 0. 69230769230769
7.9126008365061e- 006 0. 73076923076923
7.9155056341654e- 006 0. 76923076923077
7.9314566957708e- 006 0. 80769230769231
7.9685378683526e- 006 0. 84615384615385
9.9711015042821e- 006 0. 88461538461538
1.5988963043273e- 005 0.92307692307692
1. 6378897834273e- 005 0.96153846153846
0. 000325 1
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ATTACHMENT Il

MFD SOFTWARE ROUTINE REPORT

1. SOFTWARE ROUTINE IDENTIFICATION

Name and Version Number - MFD (ManuFacturing Defects), version 1.01

This routine was developed using Microsoft Developer Studio 97 with Visual Fortran 5.0,
Standard Edition.

SRR Document Identification Number: N/A

SRR Media Number (if applicable): N/A
2. DESCRIPTION AND TESTING

The software routine MFD calculates the cumulative probability distribution for the occurrence
and size of manufacturing defects in the closure weld of waste packages given the non-detection
probability and the fraction of surface breaking flaws. These calculations are based on the
abstraction of flaw density and size distribution discussed in the Manufacturing Defects
Calculation (CRWMS M& O 2000g). The outputs of MFD are:

» A text file containing the cumulative distribution function (CDF) table for the number
cracks (given that one or more cracks have occurred),

» A text file containing the CDF table for crack sizes, and

» Anoutput argument containing the probability of at least one crack occurring.

2.1 DESCRIPTION OF SOFTWARE ROUTINE AND THE EXECUTION
ENVIRONMENT

The MFD source code is a Fortran program 373 lines in length. It conforms to the Fortran 90
standard and is thus highly portable. MFD was developed and tested in the Windows NT 4.0
operating system, and has been compiled with Visual Fortran 5.0, Standard Edition for Microsoft
Windows 32 bit operating system environments. MFD may compile as a dynamic link library
(MFD.DLL), which may be coupled with computer codes through external element mechanisms.
MFD directly links and runs to simulate randomly occurring manufacturing defects for modeling
waste package failures. The outputs are used by other Tota System Performance codes to
generate distributions for waste package failures.

The CDF file formats consists of a first line containing the number of rows in the CDF lookup
table with the following lines containing two columns of numbers. The first column of numbers
is the distribution values in increasing order. The second column contains the cumulative
probability values.

Compilation of MFD requires several Fortran modules to be present from the WAPDEG library
(CRWMS M&O 1999f). These are modDefaultSize and modStandardNormal.

ANL-EBS-PA-000001 REV00 -1 April 2000
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The bulk of MFD’s coding is devoted to computing the cumulative probability of a
manufacturing defect conditional to (based on) the probability for the non-detection of weld
flaws. The parameters b and  define the probability for non-detection. This calculation also
requires  the fraction of surface breaking fractures (Section 5). The inputs are read as part of
the argument list of MFD, as the elements of array in(*):

in(1) = closurelid (weld) thickness (mm)

in(2) = closurelid radius (m)

in(3) = b, the location parameter of the non-detection probability
in(4) =« , the scale parameter of the non-detection probability

in(5) = y, the fraction of surface breaking fractures

in(6) = fileindex for the output file for CDF for the number of cracks
in(7) = fileindex for the output file for CDF for the size of cracks

The last two inputs are indices (line numbers) within a reference list file (WD4DLL.WAP) for
filenames used by several DLLs (MFD being one) for waste package simulation.

The output consists of the CDFs written to the files indexed in(6) and in(7), and the probability
of at least one crack per waste package (written to out(1)). The MFD DLL follows a project-
coding standard that requires all DLL’s to accept as input a method variable that controls the
operation of the program. If a DLL is called with the following values of method, the following
will occur:

method =0 Initialize (MFD requires no initialization, thus nothing happens).

method=1 Normal calculation (for MFD, compute the CDFs and probability of at least one
crack occurring).

method =2  Report the version number as out(1).

method =3 Report the number of input and output arguments as out(l) and out(2),
respectively (for MFD, this should yield the values 7 and 1, respectively).

method =99 Clean up, close any open files.

2.2 DESCRIPTION OF THE ALGORITHM

MFD receives the input parameters from the argument list, and then follows the algorithm
presented in the Manufacturing Defects Calculation (CRWMS M&O 2000g). Specificaly, the
following steps are performed:

1. Compute the conditional probability that the flaw is not detected, Pr(B | b, v). Thisis done
numerically, viaRhomberg integration (Press et al. 1992).

2. Caculate A(y, b, v), the Poisson parameter rate for the number of cracks per closure weld.

3. Calculate the probability of at least one or more cracks per closure weld, pass thisto out(1).

4. Evauate the conditional (given one or more cracks have occurred) CDF for the number of
cracks as a Poisson process with parameter A(y, b, v). Write the result to the file specified
through in(6).

5. Evaluate the CDF of crack sizes, G(s | b, v), as the convolution of the probability of non-
detection (PND) and the flaw size distribution, divided by Pr(B | b, v). This is done
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numerically, via Rhomberg integration (Press et a. 1992). Write the result to the file
specified through in(7).

2.3 DESCRIPTION OF TEST CASE

The testing approach involves comparing the results of executing MFD and comparing the
results with the example calculations presented in Attachment Il of the Manufacturing Defects
Caculation (CRWMS M&O 2000g). The specific test case is to calculate the CDFs and the
probability of at least one crack, given Pyp(5,3) and ¢ = 0.0034. The output CDFs and
probability should be a reasonable match to the numerical results for this case in Attachment 11
of the Manufacturing Defects Calculation (CRWMS M& O 2000g).

Running the MFD asaDLL, the following values are inserted as data elements in the MFD input
stream:

in(1) =10 thck
in(2) =0.76 r

in(3 =5 b
in(4)=3 %

in(5) = 0.0034 1]

in6) =3 idxnum
in(7)=4 idxsiz

The test case requires one input file, atext file WD4DLL.wap, which is alist of filenames to be
read by MFD. A listing of WD4DLL.wap is provided in Section 3. The third and fourth lines are
the names of files used by MFD for the output CDFs for the number of cracks and the size of
cracks, respectively.

24 DESCRIPTION OF TEST RESULTS

Comparison of the test case output files with those in Attachment 11 of the Manufacturing
Defects Caculation (CRWMS M& O 2000g) confirm that the MFD gives the anticipated results.
The results also indicate that the probability of at least one crack should be 0.13718317. The
output CDFs and probability are in agreement.

2.5 RANGE OF INPUT PARAMETER VALUESOVER WHICH RESULTSWERE
VERIFIED

The preceding test case evaluates MFD for a typical set of parameters as observed from the
manufacturing data

The waste package lid / weld thickness, for 10 and 25 (mm).

The waste package lid radius, for 0.76 (m).

The location parameter of the non-detection probability, b: for values 1.6 to 5 (mm).
The shape parameter of the non-detection probability, « for values1to 3.

The fraction of surface breaking fractures, ( for values 0.0013 to 0.0049.
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26 |IDENTIFICATION OF LIMITATIONS ON SOFTWARE ROUTINE OR
VALIDITY

MFD will execute properly if the following ranges and types of parameter values are met:

The waste package lid / weld thickness, a real number in the range 6.35 to 12.7 (mm) or
the range 19.05 to 25.4 (mm). Other thickness ranges are not supported at this time.

The waste package lid radius, a positive real number in meters.

The location parameter of the non-detection probability, b: a positive real number (mm)

The shape parameter of the non-detection probability, ¢ : a positive real number

The fraction of surface breaking fractures, (. a positive real number in the range0to 1.0

3. SUPPORTING INFORMATION

3.1 DIRECTORY LISTING OF EXECUTABLESAND DATA FILES

03/16/00 12:49p nfd.f

03/16/00 11:35a nfd.dll
03/16/00 03:05p nfdcall.f
03/16/00 03:05p nfdcall.exe
03/16/00 03:07p nfdcall. out
01/27/00 01:54p WD4DLL.wap
03/16/00 03:07p WDMFDLtest . txt
03/16/00 03:07p WDMFD2test . txt

3.2 COMPUTER LISTING OF SOURCE CODE

SUBROUTI NE nf d( et hod, state, in, out)

Subroutine to calculate the cdfs for canister defect occurrence
and size. This subroutine performs the follow ng functions:
1. Argunent list:

t hck closure lid (weld) thickness

r closure lid radius

b Location paraneter for PND (probability of
nondet ection) function (Uniformrandom vari abl e)

% Shape parameter for PND distribution

psi Fraction of Surface Breaki ng Fl aws.

I
I

I

I

I

I

I

I

!

! (Uni form random vari abl e)

I

! (Uni form random vari abl e)
! i dxnum File index for output conditional CDF
! of nunber of cracks per W,
! idxsiz File index for output CDF of crack sizes
I 2. Calcul ate/ Qutput:

! CDF of nunber of cracks per WP (to file: nuntdf).

! CDF of crack sizes (to file: sizcdf).

! flaw probability of one or nore cracks per WP (to out(1)).
I

| DEC$ ATTRI BUTES dI | export,c :: nfd

| DEC$ ATTRI BUTES ALIAS : "nfd" :: nfd

| DEC$ ATTRI BUTES val ue . met hod

| DEC$ ATTRI BUTES r ef er ence ;. state

| DEC$ ATTRI BUTES r ef er ence coin

| DEC$ ATTRI BUTES r ef er ence ;1 oout
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USE ModDef aul t si ze
USE MbdSt andar dNor nal

| MPLI CI' T NONE

i nteger(lIKind) :: nethod I input, tells nfd what to do
integer(lKind) :: state I return, 0 = &K

r eal ( RKi nd) cooin(*) I input argunents

real (RKi nd) Droout(*) I out put argunents

real (RKi nd), PARAMETER :: VERSION = 1.01
integer(1Kind), PARAMETER :: NUMN = 7, NUMOUT = 1
i nteger(1Kind), PARAMETER :: NSIZE = 200

real (RKi nd), PARAMETER :: Pl = 3.141592653589793

integer(lKind) :: outunit, errunit, idxnum idxsiz
character(LEN = 80) :: nuntdf, sizcdf, linel

integer(lKind) :: n, i

real (RKind) :: thck, r, b, v, psi, PrBbv, Lpbv, PrSbv, GSbv
real (RKind) :: up, epsO, p0, p, size, stepl, ned, sdev, rdctn

real (RKind) :: cpr(NSIZE)
!
| BRI Sk Sk S S S S S I S S S S R R R I o S

if (method .eq. 0) then I Initialize
state = 0
return

el seif (method .eq. 2) then I Report code version
out (1) = VERSI ON
state = 0
return

el seif (method .eq. 3) then I Report nunber of argunents
out (1) = NUMN
out (2) = NUMOUT
state = 0
return

el seif (method .eq. 1) then I Calcul ate
t hck =in(1l)
r =in(2)
b = in(3)
v = in(4)
psi = in(b5)
i dxnum = in(6)
idxsiz = in(7)

I
I' Open the file list and find the 1/0O fil enanes

outunit = nextfreeunit()
open(unit = outunit, file = 'WD4DLL. WAP')
n = max(i dxnum i dxsi z)
doi =1, n
read(outunit,*) linel
if (i .eq. idxnum nuncdf
if (i .eq. idxsiz) sizcdf
end do
close(unit = outunit)

i nel
i nel

Eval uate the conditional probability Pr(B|b,v)
up = upper bound of integration

epsO0 = lower bound of integration

LOOK QUT HERE, ADJUSTI NG BOUNDS

ANL-EBS-PA-000001 REV00 I1-5 April 2000
ATTACHMENT II



WAPDEG Analysis of Waste Package and Drip Shield Degradation

= 8.0
epsO = 1. 0E-20
med = 0.1159*25.4 + thck*(-0.0445 + thck*0.00797/25. 4)
sdev = 0.09733 + thck*(0.3425 - thck*0.07288/25.4)/25.4
call gronb(epsO, up, b, v, nmed, sdev, PrBbv, state)
if (state .eq. 1 _IKind) then
errunit = nextfreeunit()
open(unit = errunit, file = '"nfderror.log")
wite(errunit,*) 'Failure of gromb, 93
close(unit = errunit)
return
end if
I
I Calculate the Poisson paraneter (Lpbv)
I
if ((thck .ge. 19.05) .and. (thck .le.25.4)) then
rdctn = (60*thck - 635)/889
else if ((thck .ge. 6.35) .and. (thck .le. 12.7)) then
rdctn = (-218*thck + 5207)/2845

el se
errunit = nextfreeunit()
open(unit = errunit, file = 'nfderror.log")
wite(errunit,*) 'Thickness out of range, nethod ="', nethod
close(unit = errunit)
state = 1
return

end if

Lpbv = 0.6839*(12.8 + 31.4*psi)*rdctn*(2*Pl*r)*psi *Pr Bbv

Eval uate the cumul ative conditional probability distribution
of crack occurrence as a cunul ati ve Poi sson distribution and
wite to file (nuncdf).

p0 = exp(-1. 0_RKi nd*Lpbv)
out(1l) = 1.0 RKind - pO
n =1
p = pO0*Lpbv
cpr(l) =p
do while ((p .gt. 1.0D-14) .and. (n .lt. NSIZE))
n = n+l
p = p*Lpbv/dbl e(n)
cpr(n) = cpr(n-1) +p
end do
outunit = nextfreeunit()
open(unit = outunit, file = nuntdf)
wite(outunit,*) 2*n
wite(outunit,'(1x,111,1x,f18.15)") 1, 0.0

doi =1, n-1
wite(outunit,*) i, cpr(i)/out(1)
wite(outunit,*) i+1, cpr(i)/out(1)
end do

wite(outunit,*) n, cpr(n)/out(1)
wite(outunit,*)

write(outunit,3330) VERSI ON
wite(outunit,3331) out(1)

wite(outunit,3338) ( i, in(i), i =1, NUMN)
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wite(outunit,™*)
3330 format ('! Qutput fromnfd version ', F4.2)
3331 format ('! For probability of flaw =, F12.8)
3338 format('! argunent in(',12,') ="',f12.5)
close(unit = outunit)

Eval ul ate the cunul ative probability distribution of
crack sizes, G s|b,v) and wite to file (sizcdf).

size = 0.0
stepl = up/ NSI ZE
outunit = nextfreeunit()
open(outunit, file = sizcdf)
write(outunit,*) NSIZE
doi =1, NSIZE
size = size + stepl
call gronb (epsO, size, b, v, ned, sdev, PrSbv, state)
if (state .eq. 1 _IKind) then
errunit = nextfreeunit()
open(unit = errunit, file = '"nfderror.log")
wite(errunit,*) 'Failure of gronmb, 155
close(errunit)
cl ose(outunit)
return
end if
GSbv = PrSbv / PrBbv
wite(outunit,*) size, GSbv
end do
wite(outunit,™*)
write(outunit,3330) VERSI ON
write(outunit,3331) out(1)
wite(outunit,3338) ( i, in(i), i =1, NUMN)
wite(outunit,*)
close(unit = outunit)

state = 0
return
el seif (method .eq. 99) then I Shut - down

close(unit = outunit)
close(unit = errunit)

state = 0
return
el se
errunit = nextfreeunit()
open(unit = errunit, file = 'nfderror.log")
wite(errunit,*) 'nfd crashed, nmethod = ', nethod
close(unit = errunit)
state = 1
return
end if I end bl ock for nethod
CONTAI NS I gqronb, polint, trapzd, nextfreeunit

|
!**********************************************************************
I

SUBROUTI NE gronb(a, b, pl, p2, p3, p4, ss, state)
|
! Nunerical integration of function 'pndf' froma to b via
I Rhomberg integration, as described in Numerical Recipes Section 4.3.
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Calls: polint, trapzd

USE ModDef aul t si ze

real (RKind) :: a, b, pl, p2, p3, p4, ss

integer(lKind) :: state

i nteger (1 Kind), PARAVETER :: JMAX = 30, JMAXP = JMAX+1
i nteger(l1Kind), PARAMETER :: K =5 KM= K-1

real (RKi nd), PARAMETER :: EPS = 1.0e-12

integer(lKind) :: j

real (RKind) :: dss, h(JMAXP), s(JMAXP)

h(1) 1.0
do j 1, JIMAX
call trapzd(a,b, pl,p2,p3,p4,s(j),j)
if (j .ge. K) then
call polint(h(j-KM,s(j-KM,K,DO0,ss,dss,state)
if (state .eq. 1 _IKind) return
if (abs(dss) .le. EPS*abs(ss)) return

endi f

s(j+1) = s(j)

h(j+1) = 0.25*h(j)
end do
state = 1 I too many steps in gronb.
return

END SUBRQUTI NE gr onb

| ** * *kkhhhhhhhhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhhhhhhhhhhdhhdhhddhrdkdrrkd**x*%

SUBROUTI NE polint(xa, ya, n, x, y, dy, state)

Pol ynom al interpolation for y given arrays xa and ya
(each of size n). See Nunerical Recipes Section 3.1
Call's: None

USE ModDef aul t si ze

i nteger(1Kind), PARAMETER :: NVAX = 10

integer(lKind) :: n, x, state

real (RKind) :: dy, y, xa(n), ya(n)

integer(lKind) :: i, m ns

real (RKind) :: den, dif, dift, ho, hp, w, c(NMAX), d(NVAX)

ns =1
dif = abs(x-xa(1))
doi =1, n
dift = abs(x-xa(i))
if (dift .It. dif) then
ns =
dif =dift
endi f
c(i)
d(i)
end do
y = ya(ns)
ns = ns-1
do m=1, n-1
doi =1, n-m
ho xa(i)-x

ya(i)
ya(i)
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hp = xa(i +n) - x
w = c(i+1)-d(i)
den = ho-hp
if (den .eq. 0.) then
state =1 ! failure in polint.
return
end if
den = w/ den
d(i) hp*den
c(i) ho*den
end do
if (2*ns .It. n-m then
dy = c(ns+l)
el se
dy
ns
endi f
y = y+dy
end do
return
END SUBROUTI NE pol i nt

d( ns)
ns-1

|
!**********************************************************************
!

SUBROUTI NE trapzd(a, b, pl, p2, p3, p4, s, n)

I
I Bvaluates trapezoidal rule for function pndf froma to b

I See Nunerical Recipes Section 4.2.

I Calls:

I pndf(indep.variable, parameterl, parameter2, paraneter3, paraneter4)
I

USE MbdDef aul t si ze

integer(lKind) :: n

real (RKind) :: a, b, pl, p2, p3, p4, s
integer(lKind) :: it, j

real (RKind) :: del, sum tnm x

if (n.eqg. 1) then
s = 0.5*(b-a)*(pndf(a, pl, p2, p3, p4) +pndf (b, p1, p2, p3, p4))

el se
it = 2**(n-2)
tnm=1it
del = (b-a)/tnm
X = a + 0.5*de
sum = 0.
doj =1, it

sum = sum + pndf (x, pl, p2, p3, p4)
X = x + del
end do
s = 0.5%( s + (b-a)*sunitnm)
endi f
return
END SUBROUTI NE trapzd
!
!**********************************************************************
!
real (RKi nd) FUNCTI ON pndf (s, b, v, med, sdev)
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Cal cul ates the integrand PND(s).f(s) used in the
integral for the conditional probability Pr(B|b,v).

Input: s crack size (nm
b | ocation paraneter of PND
v shape paraneter of PND
med | ocation paraneter of f

sdev shape paraneter of f
Qut put: (function val ue)

real (RKi nd), PARAMETER :: P=0.005, PI=3.141592653589793

real (RKind) :: s, b, v, ned, sdev
real (RKind) :: pnd, f

if (s .le. 0) then
stop !crack length invalid
return

end if

I Calculate PND(s) and f(s)

pnd = ( (P+1.0)/2.0 + (P-1.0)*Erf(.true.,v*log(s/b) )/2.0)
+ * ( (P+1.0)/2.0 + (P-1.0)*Erf(.true.,v*log(s/b) )/2.0)
f = (log(s/nmed))*(log(s/nmed)) / (2.0*sdev*sdev)

f = exp(-f) / (s*sdev*sqrt(2*Pl))

pndf = pnd*f

return

END FUNCTI ON pndf

| %, *kkhhhhhhhhhhhhdhhhdhhhdhhhhhhrhhhhhhhhhhhhhhhhdhhhdhhhdhhhddhddhrdhrkdrx*

i nteger (1 Kind) FUNCTI ON nextfreeunit()

Avoid units 5 and 6.

I nput : (none)

Qut put: (function val ue)
Local : i, InUse

Local vari abl es

integer(lKind) :: i
| ogi cal InUse

I nUse = .true.

i =0

do while (InUse)
i =i +1
if(i .ne. 5 .and. i .ne. 6) then

i nquire(i, opened = InUse)

end if

end do

nextfreeunit =

RETURN

END FUNCTI ON next freeunit
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| ** * *kkhhhkhhhhhhhhkhhhhdhhhdhhhhhhhhhhhhhhhhhhhhhhhhhhhhhdhhdhhddkhrkhrkk r*x*%

!
END SUBROUTI NE nf d

3.3 COMPUTER LISTING OF SOURCE CODE FOR TEST CALLER

Text of file mfdcall .f

PROGRAM nf dcal
!

! Driver to test DLL nfd
|

rl ki nd=8

I return, 0 = &K
I input arguments
I output argunents

| MPLI CI' T NONE
i nteger, PARAMETER :: intkind=4,
i nteger(intkind), PARAMETER :: MAXIN = 7, MAXQUT = 2
integer(intkind) :: state
real (rl ki nd) i n( MAXI N)
real (rl ki nd) out ( MAXQUT)
I
| NTERFACE

SUBROUTI NE nf d( net hod, state,
| DEC$ ATTRI BUTES DLLI MPORT ::

| DEC$ ATTRI BUTES ALIAS : "nfd"

in, out)
nfd
nfd

| DEC$ ATTRI BUTES val ue :: nethod

I DEC$ ATTRI BUTES reference ::
| DEC$ ATTRI BUTES reference ::
| DEC$ ATTRI BUTES reference ::
i nteger, PARAMETER :: intkind
integer(intkind) :: nethod
integer(intkind) :: state !
real (rl ki nd) Dooin(*) !
real (rl ki nd) Dooout(*) !

END SUBROUTI NE nf d
END | NTERFACE

Initialize and
Assign test values to in array

open(12,file="nfdcall.out"')

state

in
out
=4, rlkind = 8

return, 0 = &K
i nput argunents
out put arguments

state = 0

in(l) = 10 I thck

in(2) =0.76 Ior

in(3) =5 I'b

in(4) =3 I v

in(5) = 0.0034 I fraction of flaws
in(6) =3 I idxnum

in(7) =4 I idxsiz

I Call DLL with calling sequence for

CALL nfd(2, state, in, out)
wite(12,*) '"nethod = 2 run'
wite(1l2,121) out (1)

method = 2, 3, 0, 1, 99

121 format (1x, ' version nunber:', f5.2)

CALL nfd(3, state, in, out)
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wite(1l2,*) '"nethod = 3 run'
wite(12,122) out (1), out(2)
122 format (1x, ' nunber of
CALL nfd(0, state, in, out)
wite(1l2,*) '"nethod = 0 run'
CALL nfd(1, state, in, out)
wite(12,*) '"nethod = 1 run'
wite(1l2,*) 'probability of at

CALL nfd(99, state,
wite(1l2,*)

in,

END PROGRAM nf dcal |

out)
"met hod = 99 run'

i nput and out put argunents:', 2f5.1)

| east one crack occurring

34 COMPUTERLISTING OF TEST DATA INPUT AND OUTPUT
Input text file (WDA4DLL .wap).

WDMFDL1gsi m t xt
WDMFD2gsi m t xt
WDMFDLt est . t xt
VWDMVFD2t est . t xt

Output text file of caller (mfdcall.out).

nmethod = 2 run
ver si on nunber:
met hod = 3 run

nunmber of
nmet hod = 0 run
nmnethod = 1 run

probability of at

nmet hod = 99 run

1.01

i nput and out put argunments:

| east one crack occurring =

7.0 1.0

Output CDF for the number of cracks (file: WDMFD1test.txt).

20

PONNOOUIURRWWNNE P
OO0 00000O000O0O0O0OO0

. 000000000000000
. 928037232675321
. 928037232675321

996504506467805
996504506467805
999872020482346

. 999872020482346

999996242063074
999996242063074

. 999999907912968
. 999999907912968

999999998064074

. 999999998064074
. 999999999964367
. 999999999964367
. 999999999999416

ANL-EBS-PA-000001 REV00
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9 0.999999999999416
9 0.999999999999991
10 0.999999999999991
10 1. 00000000000000

!

!

I argument in( 1)
I argument in( 2)
I argument in( 3)
I argunment in( 4)
I argunment in( 5)
I argunent in( 6)
I argument in( 7)

Output CDF for the crack size (file: WDMFD2test.txt).

200

. 120000000000000
. 160000000000000
.200000000000000
. 240000000000000
. 280000000000000
. 320000000000000
. 360000000000000
. 400000000000000
. 440000000000000
. 480000000000000
. 520000000000000
. 560000000000000
. 600000000000000
. 640000000000000
. 680000000000000
. 720000000000000
. 760000000000000
. 800000000000000
. 840000000000000
. 880000000000000
. 920000000000000
960000000000000
. 00000000000000
. 04000000000000
. 08000000000000
. 12000000000000
. 16000000000000
.20000000000000
. 24000000000000
. 28000000000000
. 32000000000000
. 36000000000000
. 40000000000000
. 44000000000000
. 48000000000000
. 52000000000000
. 56000000000000
.60000000000000
. 64000000000000
. 68000000000000
. 72000000000000
. 76000000000000
. 80000000000000
. 84000000000000
. 88000000000000

cNoNolojoooNoloNoNoloNoloNoNoloNeNoNeNoNoNe I N

RPRRPRRRPRRRPRRPRRPRRPRRPRPRPREPRPRREPRRRRRERRE
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. 000000000000000E- 002 6.
. 000000000000000E- 002 2.
. 277161357176911E- 043
. 869600351908593E- 036
.699163815038370E- 031
. 747981450177105E- 027
. 107948715129825E- 023
. 059079696319943E- 021
. 490443441651299E- 019
.488297111033730E- 017
. 229208276756130E- 015
. 706166806296714E- 014
. 064257809297995E- 013
. 450509757610495E- 012
. 741005359287602E- 011
.513685027270116E- 010
. 394589155763339E- 009
. 558422864012984E- 009
.671328726614129E- 008
. 593776334480947E- 008
. 083775706138229E- 007
. 984484440126560E- 007
. 398225321282131E- 006
. 919369519086295E- 006
. 361765368024870E- 005
. 940132588232341E- 005
. 993548921316788E- 005
. 159703286694620E- 004
. 139814228382318E- 004
. 780592782246839E- 004
. 419297335403709E- 004
. 050936195250956E- 003
.663778182569343E- 003
. 553786020741825E- 003
. 809523058259494E- 003
. 534544714393358E- 003
. 846204143358305E- 003
. 087347023069049E- 002
. 475380597286370E- 002
. 962923454571276E- 002
. 564178800143392E- 002
. 292858301915785E- 002
.161679557060067E- 002
. 181881063633921E- 002
. 362780565138877E- 002
. 711399062200439E- 002
. 232167862766107E- 002

O~NOUDWNRPPEPNUOWNRPRPROWNRPRPONRFRPONOWONORNWAIMNRFRPWORARPNINWER

Qutput fromnfd version 1.01
For probability

10. 00000
. 76000
. 00000
. 00000
. 00340
. 00000
. 00000

A WOWOUIO

122514873113449E- 079
075328338612312E- 055
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AR DIMIEDIADIDIEADIDDEDDRERDIERDRDWOOWWWWWWWWWWWWWWWWWWWWWWWNNNNNNNNNPNDNNNONNNNNNNNDNNNDNNNNNPREPRE

ANL-EBS-PA-000001 REV00

. 92000000000000
. 96000000000000
. 00000000000000
. 04000000000000
. 08000000000000
. 12000000000000
. 16000000000000
.20000000000000
. 24000000000000
. 28000000000000
. 32000000000000
. 36000000000000
. 40000000000000
. 44000000000000
. 48000000000000
. 52000000000000
. 56000000000000
.60000000000000
. 64000000000000
. 68000000000000
. 72000000000000
. 76000000000000
. 80000000000000
. 84000000000000
. 88000000000000
. 92000000000000
. 96000000000000
. 00000000000000
. 04000000000000
.08000000000000
. 12000000000000
. 16000000000000
.20000000000000
. 24000000000000
. 28000000000000
. 32000000000000
. 36000000000000
. 40000000000000
. 44000000000000
. 48000000000000
. 52000000000000
. 56000000000000
.60000000000000
. 64000000000000
. 68000000000000
. 72000000000000
. 76000000000000
. 80000000000000
. 84000000000000
. 88000000000000
. 92000000000000
. 96000000000000
. 00000000000000
. 04000000000000
. 08000000000000
. 12000000000000
. 16000000000000
.20000000000000
. 24000000000000
. 28000000000000
. 32000000000000
. 36000000000000
. 40000000000000
. 44000000000000
. 48000000000000
. 52000000000000
. 56000000000000
.60000000000000
. 64000000000000
. 68000000000000
. 72000000000000

ATTACHMENT II

. 109267303114631
. 127938438383570
. 148293821806663
. 170264324503798
. 193754774282099
. 218646502270619

244800463458531

. 272060770950807
. 300258483157525
. 329215490810680
. 358748364858505
. 388672045039880
.418803270474302

448963676280657

. 478982502678221
. 508698884133359
. 537963705101794
. 566641025266618

594609090626320

.621760957293407
. 648004762536794
. 673263682673004
.697475620193743

720592663363894

. 742580360799379
. 763416851593951
. 783091888734866
. 801605790119737
. 818968347714560
. 835197721454892

850319340599759

. 864364831454154
. 877370986827128
. 889378789310906
. 900432497498173

910578801611457

. 919866052701278
. 928343567568646
. 936061009865649
. 943067846405322
. 949412876544520
. 955143831568140

960307040275434

. 964947156426161
. 969106943324583
. 972827110581832
. 976146197982662

979100501373868

. 981724035571688
. 984048529439053
. 986103448497482
. 987916040698552

989511401275907

. 990912552919336
. 992140537848057
.993214518703309
.994151885522761
. 994968366394957
. 995678139716321

996293946281525

. 996827199726896
. 997288094114340
. 997685707687733
. 998028102054014

998322416238020

. 998574955232143
.998791272811616
. 998976248513566
.999134158784609
. 999268742389693
. 999383260245342

1-14
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NNNNNANANNNNANNNAODODODOODODOODODODOODODODODOO00O0O0O00O00O0OcOUITgTooioonooonooooonooonooooaooabhbdbdSDdbdDD
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. 76000000000000
. 80000000000000
. 84000000000000
. 88000000000000
. 92000000000000
. 96000000000000
. 00000000000000
. 04000000000000
. 08000000000000
. 12000000000000
. 16000000000000
.20000000000000
. 24000000000000
. 28000000000000
. 32000000000000
. 36000000000000
. 40000000000000
. 44000000000000
. 48000000000000
. 52000000000000
. 56000000000000
.60000000000000
. 64000000000000
.68000000000000
. 72000000000000
. 76000000000000
. 80000000000000
. 84000000000000
. 88000000000000
. 92000000000000
. 96000000000000
. 00000000000000
. 04000000000000
. 08000000000000
. 12000000000000
. 16000000000000
.20000000000000
. 24000000000000
. 28000000000000
. 32000000000000
. 36000000000000
. 40000000000000
. 44000000000000
. 48000000000000
. 52000000000000
. 56000000000000
.60000000000000
. 64000000000001
. 68000000000001
. 72000000000001
. 76000000000001
. 80000000000001
. 84000000000001
. 88000000000001
. 92000000000001
. 96000000000001
. 00000000000001
. 04000000000001
.08000000000001
. 12000000000001
. 16000000000001
.20000000000001
. 24000000000001
. 28000000000001
. 32000000000001
. 36000000000001
.40000000000001
. 44000000000001
. 48000000000001
. 52000000000001
. 56000000000001
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[eNololoNoNolooooololoNololooooooNoololojoNoloooololoN o oloNooloooloNojolooolooojloNoloNoloNoloooNololoololoNeoNo oo NoNe)

. 999480549895161
. 999563074886746
. 999632969338268
. 999692078001529
. 999741992138546
. 999784081531383
.999819522941533
. 999849325327599
. 999874352118048
. 999895340821726
. 999912920242653
. 999927625547960
.999939911419977
. 999950163505180
. 999958708354524
. 999965822032257
. 999971737553482
. 999976651294521
. 999980728505515
.999984108040347
. 999986906406371
. 999989221224604
.999991134180148
. 999992713533065
.999994016251172
.999995089818271
. 999995973764492
. 999996700959277
. 999997298701854
. 999997789639476
. 999998192539461
. 999998522937159
. 999998793677942
. 999999015376093
. 999999196788782
. 999999345136716
. 999999466367622
. 999999565376239
. 999999646187151
. 999999712106665
. 999999765848783
. 999999809639474
. 999999845303023
. 999999874333427
. 999999897953251
.999999917162247
. 999999932777451
. 999999945466076
. 999999955772672
. 999999964141395
. 999999970934336
. 999999976446461
. 999999980917960
. 999999984544338
. 999999987484593
. 999999989868010
. 999999991799680
. 999999993364947
. 999999994633119
. 999999995660471
. 999999996492647
. 999999997166672
. 999999997712703
. 999999998154732
. 999999998512823
. 999999998802866
. 999999999037799
. 999999999228102
. 999999999382288
. 999999999507225
. 999999999608469
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. 60000000000001
. 64000000000001
. 68000000000001
. 72000000000001
. 76000000000001
. 80000000000001
. 84000000000001
. 88000000000001
. 92000000000001
. 96000000000001
. 00000000000001

- ENENENENENENENFNENEN
OCO0O0OO0O0O0O0O0O0O

Qutput fromnfd version 1
For probability of flaw =
argunent in( 1) 10.
argunent in( 2)
argunent in( 3)
argunent in( 4)
argunent in( 5)
argunent in( 6)
argunent in( 7)

A WOWUIO

. 999999999690545
. 999999999757094
. 999999999811067
. 999999999854846
. 999999999890381
. 999999999919232
. 999999999942655
. 999999999961695
. 999999999977173
. 999999999989755
1. 00000000000000

.01
0. 13718317
00000

. 76000
. 00000
. 00000
. 00340
. 00000
. 00000
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Press, W.H.; Teukolsky, S.A.; Vetterling, W.T.; and Flannery, B.P. 1992. Numerical Recipesin
Fortran 77, The Art of Scientific Computing. Volume 1 of Fortran Numerical Recipes. 2nd

edition. Cambridge, United Kingdom: Cambridge University Press. TIC: 243606.
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ATTACHMENT I11

SCCD SOFTWARE ROUTINE REPORT

1. SOFTWARE ROUTINE IDENTIFICATION

Name and Version Number: SCCD (Stress Corrosion Cracking Dissolution), version 1.01

This routine was developed using Microsoft Developer Studio 97 with Visual Fortran 5.0,
Standard Edition.

SRR Document Identification Number: N/A

SRR Media Number (if applicable): N/A
2. DESCRIPTION AND TESTING

The software routine SCCD calculates the hoop stress and hoop stress intensity versus depth
resulting from a stress corrosion cracking event. The hoop stress and hoop stress intensity tables
are calculated for a user-specified number of angles (in the range O to pi radians) around the
waste package. Uncertainty is included via an input standard normal random number that
describes the deviation from the median yield stress range. Variability is included via the input
amplitude for the angular variation of hoop stress. These calculations are based on the
abstraction of hoop stress versus corrosion stress as discussed in the Stress Corrosion Cracking
AMR (CRWMS M & O 2000h). The outputs of SCCD are:

* Atextfilein WAPDEG table format for the user specified number of angles of tables
for hoop stress versus depth, and

* Atextfilein WAPDEG table format for the user specified number of angles of tables
for hoop stress intensity versus depth.

2.1 DESCRIPTION OF SOFTWARE ROUTINE AND THE EXECUTION
ENVIRONMENT

SCCD is a FORTRAN program 308 lines in length. It conforms to the FORTRAN 90 standard
and is thus highly portable. SCCD was developed and tested in the Windows NT 4.0 operating
system, and has been compiled with Digita FORTRAN 5.0 in the Windows NT 4.0
environment. SCCD is designed to be compiled as a DLL (SCCD.dIl) and be executed within
GoldSim, with input parameters specified by inserting them as data elements in the GoldSim
(Golder Associates 2000) environment. SCCD was developed to run with GoldSim to determine
the stresses at various angles around the waste package closure lid circumference. The output
stress tables are used by the WAPDEG DLL in GoldSim to generate distributions for waste
package failures and consequent dose.
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WAPDEG tables are formatted so that lines proceeded by a“!” are comment lines. The first line
proceeded by a“#" contains two numbers, where the first number indicates the number of tables,
each table containing the number of columns specified by the second number. The next line
proceeded by a“#’ contains a number that specifies the number of rows in the lookup table. The
next line proceeded by a “#” with a fraction indicates that this lookup table corresponds to that
fraction of the waste packages/drip shields to be simulated. This is followed by one more
comment line (proceeded by a “!”) which is used to specify column headers. The subsequent
rows consist of the first table, with subsequent tables preceded by the latter three line entries of
number of rows, fraction applied, and header line.

Compilation of SCCD requires the module modDefaultSize.f to be present from the WAPDEG
library (CRWMS M&O 1999f).

The bulk of SCCD’s coding is devoted to computing and scaling the hoop stress and hoop stress
intensity at various angles from a corrosion event, given the stress intensity versus depth at the
event (i.e., the stress intensity versus depth at zero angle). The inputs are read as part of the
argument list of SCCD, as the elements of array in(*):

in(1) z Uncertain deviation from median yield stress range (sampled from N(0,1) )

in(2) sinf Sine of fracture angle

in(3) a(1) Zero order regression coefficient from model abstraction for stress vs. depth at zero
degrees

in(4) a(2) First order regression coefficient from model abstraction for stress vs. depth at zero
degrees

in(5) a(3) Second order regression coefficient from model abstraction for stress vs. depth at zero
degrees

in(6) a(4) Third order regression coefficient from model abstraction for stress vs. depth at zero
degrees

in(7) nangle number of angles in the range zero to T radians to compute tables of stress and Kl versus
depth

in(8) ys Expected yield strength [MPa]

in(9) fys Fraction yield strength range

in(10) amp Angular amplitude for the equation of angular variation of stress [MPa]

in(11) idxinp File index for input table of stress intensity vs. depth

in(12) idxkin File index for output hoop stress intensity vs. depth at nangle angles

in(13) idxstr File index for output hoop stress vs. depth at nangle angles

The first output table file consists of nangle tables of stress intensity versus depth, written to the
file referenced by index in(12). The second output table file consists of nangle tables of stress
versus depth, written to the file referenced by index in(13). Like al GoldSim DLL’s, the project
coding standards require all DLL’s to accept as input a ‘method’ variable, which controls the
operation of the program (see Figure I-1). If a DLL is caled with the following values of
‘method’, the following will occur:

Method =0 theDLL isinitialized (SCCD requires no initialization, thus nothing happens).
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Method = 1

Method = 2
Method = 3

Method = 99

run the DLL’s calculations (for SCCD, compute the stress tables and stress
intensity tables).

the DLL returns the version number as out(1).

report the number of input and output arguments as out(1) and out(2), respectively
(for SCCD, this shouldyield the values 13 and 1, respectively).

the DLL closesal files and processes.

tart Subrouting

Method = 0
No

Initialize Return

Calculate

(L

Report Version

Number BT

Report Array
Argument Return
Dimensions

Close Files

state = 0 Return

No
Method = 99
No

Error Condition
state = -1

Return

Figure 1. Method calling structure for DLLs in GoldSim

2.2 DESCRIPTION OF THE ALGORITHM

SCCD receives the input parameters from the argument list, and then follows the algorithm
presented in the upstream analysis (CRWMS M& O 2000h) and Sections 4.1.8 and 4.1.9 of this
report. Specifically, the following steps are performed:

1. Read from an external file the stress intensity factor versus depth at zero angle

kin, depth

nrows values of stressintensity factor K, and depth.
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2. Based on the equation for stress versus depth at zero angle (see Equation (5), Section 4.1.8 of
this report) and the input look-up table for the stress intensity factor versus depth at zero
angle (see Table 6, Section 4.1.8 of this report),

a. caculate stress and stress intensity factor versus depth at each of the nangle angles

b. re-scale, to account for uncertainty, the output tables from (a), above, to theyield stress
(ys) range using the random deviate z (see Equation 8 of this report).

3. Output:
a. dressintensity factor versus depth for nangle angles
b. stressversus depth for nangle angles

2.3 DESCRIPTION OF TEST CASES

The testing approach involves comparing the results of SCCD with the example calculations
presented in the Mathcad worksheets associated with the Stress Corrosion Cracking AMR
(CRWMS M&O 2000h). The specific test cases calculate, for various angles, the hoop stress and
hoop stress intensity versus depth, given a random deviate, z, and a table of stress intensity
versus depth at zero angle. The output tables are checked to match the results for the test cases
evaluated for two set of calculations, one set of test runs to evaluate the (10 mm) Alloy 22 inner
lid, and a second set of test runs to evaluate the (25 mm) Alloy 22 outer lid.

2.3.1 Alloy 22 Inner Lid Test Case
Running in the GoldSim environment as a DLL creates the first fourteen test files (seven

executions), where the following values are inserted as data elements in the SCCD input stream
with values for in(1), in(12), and in(13) varied as indicated.

z in(l)= 0,1,-1,2,-2,3,-3
sinf in(2)= 0.60887

a(1) in( 3) = -437.72054

a(2) in(4) = 176.96724

a(3) in(5) = -15.60607

a4) in(6)= 0.36710

nangle in(7)= 1

ys in(8) = 322.12305

fys in(9)= 005

amp in(10) = 17.23689

The remaining inputs are indices of the locations within the GoldSim file for output filenames

inputidx in1l1)= 1
outputidxk in(12) = 10, 11, 12, 13, 14, 15, 16
outputidxs in(13)= 3,4,5,6,7,8,9

Thelast test run is produced with the following input stream where in(7) = 3:
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z inf(= 0

sinf in(2)= 0.60887
a(1) in( 3) = -437.72054
a2) in(4) = 176.96724
a3) in(5)= -15.60607
a(4) in(6)= 0.36710
nangle in(7)=  3.00000
ysS in(8)= 322.12305
fys in(9)= 0.05
amp in(10) = 17.23689
inputidx in(11) =  1.00000

outputidxk  in(12) = 18.00000
outputidxs  in(13) = 17.00000

The test case requires as input a text file WD4DLL.wap, which is a list of filenames to be read
by SCCD. The names of files used by SCCD for the input and output tables are found in this file
by their line index. The input table of stressintensity versus depth at the zero angle, KlinM fil, is
given in Section 3.0 of this SRR. Each execution of the routine produces two output files, which
are the resulting tables of stressintensity versus depth and stress versus depth, respectively.

2.3.2 Alloy 22 Outer Lid Test Case
Running in the GoldSim environment as a DLL creates the first fourteen test files (seven

executions), where the following values are inserted as data elements in the SCCD input stream
with valuesfor in(1), in(12), and in(13) varied as indicated.

z in(l)= 0,1,-1,2,-2,3,-3
sinf in(2= 10

a(1) in(3) = -356.26778

a2) in(4)= 37.18077

a3) in(5)= 143639

a4) in(6) = -0.06528

nangle in(7)= 1

ys in(8)= 322.12305

fys in(9 = 005

amp in(10) = 17.23689

The remaining inputs are indices of the locations within the WD4DLL .wap file for input and
output filenames

inputidx  in(11)= 2

outputidxk in(12) = 19, 20, 21, 22, 23, 24, 25

outputidxs in(13) = 26, 27, 28, 29, 30, 31, 32
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Thelast test run is produced with the following input stream where in(7) = 3:

z in(1)=  0.00000
sinf in(2) = 1.00000
a1) in(3) = -356.26778
a2) in(4)= 37.18077
a3) in(5)= 143639
a4) in(6) = -0.06528
nangle in(7)=  3.00000
ys in(8) = 322.12305
fys in(9 = 005

amp in(10) = 17.23689
inputidx in(11) = 2.00000

outputidxk  in(12) = 34.00000
outputidxs  in(13) = 33.00000

The test case requires as input a text file WD4DLL.wap, which is a list of filenames to be read
by SCCD. The names of files used by SCCD for the input and output tables are found in this file
by their line index. The input table of stress intensity versus depth at zero angle, KIinO.fil, is
given in Section 3.0 of this SRR. Each execution of the routine produces two output files, which
are the resulting tables of stress intensity versus depth and stress versus depth, respectively.

24 DESCRIPTION OF TEST RESULTS

Thetest results for the Alloy 22 inner lid test case should be compared to the results of the output
file, datalO.txt, form the Mathcad worksheet “Hoop Stress and Stress Intensity Calculation
(10mm Lid)” (see Section 3.3). The test results for the Alloy 22 outer lid test case should be
compared to the output file, data25.txt, from the Mathcad worksheet “Hoop Stress and Stress
Intensity Calculation (25mm Lid)” (see Section 3.3). Visua comparison of the test case output
files with the appropriate rows and columns of the above-named worksheets confirms that SCCD
gives the anticipated results (DTN: MOO0002SPASDA04.001). The output tables match the
results for these cases, thus the tests are considered successful.

2.5 RANGE OF INPUT PARAMETER VALUESOVER WHICH RESULTSWERE
VERIFIED

The preceding test cases evaluate SCCD for a typical set of parameters as observed from the
study of stress corrosion cracking discussed in the Stress Corrosion Cracking AMR (CRWMS
M& O 2000h). SCCD will execute properly if the following ranges and types of parameter values
are met:
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Variable Range Description
z real Uncertain deviation from median yield stress range
sinf real [0,1] sine of fracture angle
0 order regression real Regression coefficient from model abstraction for stress v. Depth
coefficient at 0 degrees
1 order regression real Regression coefficient from model abstraction for stress v. Depth
coefficient at 0 degrees
2 order regression real Regression coefficient from model abstraction for stress v. Depth
coefficient at 0 degrees
3 order regression real Regression coefficient from model abstraction for stress v. Depth

coefficient

at 0 degrees

Number of angles

positive integer

Divisions of the range 0 to Ttradians to compute tables of stress
and Kl versus depth

Yield strength positive real Expected yield strength
Fraction yield stress range | real [0,1] Fraction of yield strength range
Amplitude real Angular amplitude for the equation of angular variation of stress
File index 1 integer File index for input table of stress intensity vs. depth
File index 2 integer File index for output stress intensity vs. depth at various angles
File index 3 integer File index for output stress vs. depth at various angles
m —  m—
> 1 . i614 > i;ll
! nangle idxinp
> m 3.1¢
16° > |
16°
sinf vs
L
al fys [—]
DLL,__ ,, Bl . /\
— — f‘ e
3.14 _——314
> il > il scccedl outl Result3
a2 amp
—_— bad
3.14
" |16 e
idxkin
a3
314

v

[y
o |

a4

> 3.14
16

idxstr

Figure 2 Representative GoldSim SCCD Container Element

26 IDENTIFICATION OF LIMITATIONS ON SOFTWARE ROUTINE OR

VALIDITY

None
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3. SUPPORTING INFORMATION

3.1 DIRECTORY LISTING OF EXECUTABLE AND DATA FILES

Directory of SRRdir

Program files:

02/ 04/00 11:10a 12, 288 SCCD. dlI |

04/12/00 10: 18a 606, 130 SCCDt estv2.gsm

Mat hcad fil es:

04/11/00 04:44p 23,541 SCCD _10revC. ntd
04/11/00 04:49p 22,857 SCCD 25revC. ntd

04/ 12/ 00 09:43a 16, 900 dat al0. t xt

04/ 12/ 00 09: 44a 16, 900 dat a25. t xt

I nput files:

02/10/00 01:57p 586 WDADLL. wap
01/14/00 02:06p 1,436 WDKI i nM fil

01/ 14/ 00 09: 26p 1,439 WOKI i nO.fil

Qut put files:

04/ 12/00 10:17a 3,126 Wbdat al0cO1.fil

04/ 12/00 10:17a 3,126 Wbdat a10c02.fil

04/ 12/ 00 10:17a 3,126 Wbdat a10c03.fil

04/ 12/ 00 10:17a 3,126 Wbdat al0c04. fil

04/ 12/00 10:17a 3,126 Wbdat a10cO05. fi l

04/ 12/00 10:17a 3,126 Wbdat al0c06. fi l

04/ 12/00 10:17a 3,126 Wbdat a10cO07.fil

04/ 12/ 00 10:17a 3,136 Wbdat a10c08. fi l

04/ 12/ 00 10:17a 3,136 Wbdat a10c09. fi l

04/ 12/00 10:17a 3,136 Wbdat a10c10. fil

04/ 12/00 10:17a 3,136 Wbdat al0c11.fil

04/ 12/00 10:17a 3,136 Wbdat al0c12.fil

04/ 12/ 00 10:17a 3,136 Wbdat a10c13.fil

04/ 12/ 00 10:17a 3,136 Wbdat al0c14.fil

04/ 12/00 10:17a 8,270 Wbdat al0c15t017.fil
04/ 12/00 10:17a 8, 280 Wbdat a10c18t 020.fi l
04/ 12/00 10:17a 3,126 Wbdat a25c01.fil

04/ 12/ 00 10:17a 3,126 Wbdat a25c02. fil

04/ 12/ 00 10:17a 3,126 Wbdat a25c03.fil

04/ 12/00 10:17a 3,126 Wbdat a25c04.fi l
04/12/00 10:17a 3,126 Wbdat a25c05. fi l

04/ 12/00 10:17a 3,126 Wbdat a25c06. fi l

04/ 12/ 00 10:17a 3,126 Wbdat a25c07.fil

04/ 12/ 00 10:17a 3, 136 Wbdat a25c08. fi l

04/ 12/00 10:17a 3,136 Wbdat a25c09. fi l

04/ 12/00 10:17a 3,136 Wbdat a25c¢10. fil

04/ 12/00 10:17a 3,136 Wbdat a25c11.fil

04/ 12/ 00 10:17a 3,136 Wbdat a25c12.fil

04/ 12/ 00 10:17a 3,136 Wbdat a25c¢13.fil

04/ 12/00 10:17a 3,136 Wbdat a25c14.fil
04/12/00 10:17a 8,270 Wbdat a25c15t017.fil
04/ 12/00 10:17a 8, 280 Whdat a25c¢18t 020. fi l
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3.2 COMPUTER LISTING OF SOURCE CODE

subroutine sccd(nmethod, state, in, out)

VS

1

! DEC$
! DEC$
! DEC$
! DEC$
! DEC$

Subroutine to calculate stress vs. depth and stress intensity

depth for n tables corresponding to n angles fromO to pi

From argument 1ist:

z a deviate of a standard normal.
si nf sin of fracture angle
a(l),...,a(4) coeffecients for stress vs. depth equation
nangl e nunber of angles to calculate tables
ys yield stress
fys fraction of yeild stress range
anp angul ar anplitude
i dxi np i nteger location of input file nanme for Ki
i dxkin i nteger location of output file nane for k v. depth
i dxstr i nteger location of output file nane for s v. depth
Read fromexternal table\file:
kin nrows val ues of stress intensity K
depth nrows val ues of depth, corresponding to KI.
Cal cul at e:
a. calculate hoop stress and hoop stress intensity vs. depth at
nangl e' s
b. rescale tables to YS range for RV z.
Cut put :

a. ki vs. depth for nangle's
b. stress vs. depth for nangles's

ATTRI BUTES dI | export,c :: sccd

ATTRI BUTES val ue ;. met hod
ATTRI BUTES r ef er ence ;. state
ATTRI BUTES r ef er ence oin
ATTRI BUTES r ef erence ;. out
USE ModDef aul t si ze

| MPLI CI' T NONE

i nt eger (1 Ki nd) nethod
integer(lKind) state
r eal ( RKi nd) in(*) i nput argunents

r eal ( RKi nd) out (*) I output argunents

real (RKi nd), PARAVETER :: VERSION = 1.01

i nteger (1Kind), PARAMETER :: NUMN = 13, NUMOUT = 1
real (RKi nd), PARAVETER :: Pl = 3.141592653589793

i nput, tells sccd what to do

I
I return, 0 = &K
I
I

integer(lKind) :: kinunit , strunit, errunit
integer(lKind) :: idxinp, idxkin, idxstr
character(LEN = 80) :: inptab, kintab, strtab, linel
real (RKi nd), ALLOCATABLE, DIMENSION(:) :: kin

real (RKi nd), ALLOCATABLE, DI MENSION(:) :: depth

real (RKi nd) a(4)

integer(lKind) n, i, j, nangle, nrows, nsets, nco

real (RKind) ys, fys, anp, angle, dangle, rscale, ki, z, thick
real (RKind) str, strta, strtO, sinf

| ogi cal (LKind) :: OK

[ BRI I I S I S S S S S S S S S I S

if (method .eq. 0) then I Initialize
state = 0
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return
el seif (method .eq. 2) then I Report code version
out (1) = VERSI ON
state = 0
return
el seif (method .eq. 3) then I Report nunber of argunents
out (1) = NUM N
out (2) = NUMOUT
state = 0
return
el seif (method .eq. 1) then I Calculate
z =in(l)
si nf =in(2)
a(l) = in(3)
a(2) = in(4)
a(3) = in(b5)
a(4) = in(6)
nangle = in(7)
ys = in(8)
fys =in(9)
anp = in(10)
idxinp = in(11)
i dxkin = in(12)
i dxstr = in(13)
out(1) =z
if (nangle .le. 1) then
nangle = 1
dangle = 0.
el se
dangle = PI/(nangle - 1) !delta angle increnent
end if

I' Open the file list and find the 1/0O fil enanes

kinunit = nextfreeunit()
open(unit = kinunit, file = 'WD4DLL. wap')
n = max(idxi np, idxkin, idxstr)
doi =1, n
read(ki nunit,*) linel

if (i .eq. idxinp) inptab = linel
if (i .eq. idxkin) kintab = linel
if (i .eq. idxstr) strtab = linel

end do
close(unit = kinunit)

Open I nput Kl vs. Depth table and read contents
Read in values for: nrows, ncol, kin(l:nrows), depth(1l:nrows)
Mainly dealing with file formating here.

inquire(file = inptab, exist = OK)
if (.not. OK) then

state = 1
errunit = nextfreeunit()
open(unit = errunit,file = 'sccderror.log')

wite(errunit,*) "input file not found
close(unit = errunit)
return
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end if
ki nunit = nextfreeunit()
open(kinunit, file = inptab)

I' Scroll through the prelimnary coments

l[inel = "1
do while (linel(1:1) .eq. '!" .or. linel(1l:1) .eq. ' ")
read(ki nunit, 9000) linel
9000 f or mat (a80)
end do

I First nonconmment |ine nust be #-character, then
I nunber of data sets (nsets), nunber of colums (ncols).
if (linel(1:1) .ne. '#) then

state = 1
errunit = nextfreeunit()
open(unit = errunit,file = 'sccderror.log')

wite(errunit,*) '"format error in input file, 123
close(unit = errunit)
return

end if

read(linel(2: 79), *) nsets, nco

if (nsets .le. 0) then
state = 1
errunit = nextfreeunit()
open(unit = errunit, file
wite(errunit,*) 'nsets =
close(unit = errunit)

= 'sccderror.log')
O ininput file'

return
end if
if (ncol .It. 2) then
state = 1
errunit = nextfreeunit()
open(unit = errunit,file = 'sccderror.log")

wite(errunit,*) "ncol < 2 in input file'
close(unit = errunit)
return
end if
I Read the nunmber of rows (nrows) (begins the set)
read(ki nunit, 9000) linel
if (linel(1:1) .ne. '"#) then

state = 1
errunit = nextfreeunit()
open(unit = errunit, file = 'sccderror.log")

wite(errunit,*) '"format error in input file, 147
close(unit = errunit)
return

end if

read(linel(2:79), *) nrows

if (nrows .le. 0) then

state = 1
errunit = nextfreeunit()
open(unit = errunit, file = 'sccderror.log")

wite(errunit,*) "error, nunber of rows in input file'
close(unit = errunit)
return
end if
I Read the fraction and discard
read(ki nunit, 9000) linel
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if (linel(1l:1) .ne.
state = 1
errunit = nextfree
open(unit = errun
wite(errunit,*)
close(unit = errun
return

end if

I Read the colunmm header an
read(ki nunit, 9000)

' Read the nrows rows in th

ALLOCATE( dept h( nr ows

ALLOCATE( ki n( nrows))

do j 1, nrows
read(ki nunit,*) k

end do

cl ose(kinunit)

I Wite headers to output f

ki nuni t next f reeun
open(kinunit, file
strunit next f r eeun
open(strunit, file
write(kinunit, 3330)
write(kinunit, 3331)
write(kinunit, 3334)
write(kinunit, 3338)
write(kinunit, 3332)
write(strunit, 3330)
write(strunit, 3331)
write(strunit, 3335)
wite(strunit, 3338)
wite(strunit, 3332)

3330 format ('! Qutput fro
3331 format ('! For sanple
3332 format('#',1x,15,15)
3333 format (' #', 1x, F9.5)

3334 format ('! Stress Int
3335 format ('! Stress vs.
3336 format ('! KI vs. Dep
3337 format ('! Stress vs.
3338 format (' ! argunent i

Perf orm Cal cul ati ons****x*
For nangle's fromO to p
scal ed stress table str

scal ed ki table ki (
thi ck = depth(nrows)
angle = 0.0 _RKind
doi =1, nangle

"#) then

unit()
t,file "sccderror.log')
format error in input file,

it)

164

d discard
linel
e set

))

I Col um header |ine

n(j), depth(j)

1 * %k %k k% % % %
iles

it()

ki nt ab)

it()

strtab)
VERSI ON
out (1)
'title3334
(i, inCi), i
nangl e, nco
VERSI ON
out (1)
'title3335
(i, inCi), i
nangl e, nco
m sccd version ', F4.2)
d random variable z =", F9.5)

1, NUMN)

1, NUMN)

ensity vs.
Depth ')

th
Dept h

n(',12,"

Depth ')

(angl e ',f9.5,"
(angle = ',f9.5,"'
=',f12.5)

= radi ans)')
= radi ans)')

)

EE R I R R I R I I S R R I S S R I I I R R

i, calculate:
(dept h, angl e) *rscal e
dept h, angl e) *rscal e

write(kinunit, 3332)
write(kinunit, 3333)
write(kinunit, 3336)
write(strunit, 3332)
write(strunit, 3333)

ANL-EBS-PA-000001 REV 00
Attachment 111
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write(strunit, 3337) angle

strta = stress(a, anp, thi ck, angl e)

strt0 = stress(a, anp, thick, 0. 0_RKi nd)
rscale = (strta + ((z*ys*fys)/3.0))/strta

do j 1, nrows
ki kin(j)*(strta/strtQ)*rscale
str = stress(a, anp, depth(j), angle)*rscale

write(kinunit,*) ki, depth(j)*sinf
write(strunit,*) str, depth(j)*sinf
end do !over depths
angle = angle + dangle
end do !over angles
close(unit = kinunit)
close(unit = strunit)
DEALLOCATE( dept h, ki n)

state = 0
return
el seif (method .eq. 99) then I Shut - down

close(unit = kinunit)

close(unit = strunit)
close(unit = errunit)
state = 0
return
el se
errunit = nextfreeunit()
open(unit = errunit,file = 'sccderror.log')
wite(errunit,*) 'sccd crashed method = ', met hod
close(unit = errunit)
state = 1
return
end if I end bl ock for nethod
CONTAI NS I'stress, nextfreeunit

| EE R R R R I I I R R I R I I I I S I S R I R I I S

real (RKi nd) FUNCTION stress(a, anp, X, angle)

Regressi on equation for stress v. depth abstracted
fromthe finite el enent code, adapted to angular variation

I nput : a(*) array of coefficients
X depth in nm
angl e angl e in radians

|
|
|
|
! anp anplitude in MPa
|
|
|
|

Qut put: (function val ue)
real (RKind) :: a(*), amp, X, angle
stress = a(1l)+x*(a(2)+x*(a(3)+x*a(4)))-anmp*(1l.0-cos(angle))

return
END FUNCTI ON stress

| ** * *kkhhhhhhhhhhhhhhhdhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhdhhddhddhrdkdrrdrx*
i nteger (1 Kind) FUNCTI ON nextfreeunit()
! Find the snmallest unit number not currently attached and in use.

! Avoid units 5 and 6.
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I Input : (none)

I Qutput: (function val ue)
I Local : i, InUse
!
!
!

Local vari abl es

integer(lKind) :: i
| ogi cal InUse

InUse = .true.
i =0

do while (InUse)
i =i +1

if(i .ne. 5 .and. i .ne.
inquire(i, opened = InUse)

end if
end do
nextfreeunit =i
RETURN

END FUNCTI ON next freeunit
!

6) then

| %, *kkhhhhhhhhhhhhhhhdhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhdhhhddkhddkhrkkhrrk **x*%

!
END SUBROUTI NE sccd
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3.3 LISTING OF MATHCAD WORKSHEETS

Hoop Stressand Stress|ntensity Calculation (10mm Lid)

Conversion Factors: 1in=25.4 mm, 1 ks = 6.89 MPa, 1 ksi-in"2 = 1.0988 M Pa-m"%2
c0:=254

c1:=6.894757

c2:=1.098843

Coefficients for stress from third order polynomial fit from results of finite element code (Ansys
5.4).

Ao = —63.486¢1
Ag = -437.720543
A, = 651945

c0
A, = 176.967239

cl
A, :=-1460.3+—
c0¢0

A, =-15.606072

cl
Ag:=872.5+——
c0[a0co

Az =0.367099

049 = [Po + XTP1 + XAz + XA
Stress Intensity Table based on PC-crack calculation given input of radial stress
at 50 linearly spaced points out to (99.97% of length along crack) 16.42 mm.
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Ktable := ]

ANL-EBS-PA-000001 REV 00

[77201806034 03277 []
(T10.05117186 0.6579
[1-12.14661052 0.9855 [J
[L1383718048 1.3132 U
[15.26051182 1.6408 ]
[J-16.48813922 1.971 [J
8—17.60873931 2.29878
[1-18.62418012 2.6264 []
U-19.34568044 2.954 U
[T18.27353932 32842 )
[}-17.05876838 3.6119 []
%15.73543176 3.9395 E
[14.40693057 4.2697 [
[1-13.09502192 4.5974 [
5—11.74410433 4.9251 B
[}-10.37129779 5.2527 []
U-8.992063026 5.5829 U
(T7.619959749 59106
[1-6.28349195 6.2382 []
%5.021547684 6.5659 E
[T3.791766552 6.8961 ]
[}-2.602642611 7.2238 [
5—1.461856773 7.5514%
[1-0.376262524 7.8791 ]
U 0.6479086 8.2093 U
[]1.602739435 8.5369%
[12.489890331 8.8646 []
03304704392 9.1948 U
[]4.043027992 9.5225]
[14.701256926 9.8501 L]
55.276226526 10.17785
[]5.809253288 10.508 []
Ue.267450831 10.8356
[76.633989902 11.16337)
[16.907239101 11.491 []
87.086141819 ll.BZlZE
[]7.170016506 12.1488]
[7.171796631 12.47650]
57.082153019 12.80675
[] 6.8851964 13.1343[]
Ue.581695963 13.462 U
[76.173014275 137897
[15.661052333 14.1199[]
Us 214086954 14.44758
[15.185517036 14.7752[]
05.092620849 15.10280]
54.940639873 15.4335
[]4.735255128 15.7607[]
H4.482741007 16.08849
[] 4.18995429 16.4186]
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Thek := Ktableyg 4

Thek = 16.4186

Ky := linterp(Ktabld T, Ktabld® x)

Functional form based on angular variation.
ot(x,e) =04X) — (cl2.5H Eﬁl - cos(e))

Ool(Thek,8) O

Ki\x,0) = K4
x8) = Kl Dct(Thck,O)E

Rescaling based on uncertainty in range of Yield Stress (46.72 ksi).
YS:=c1[36.72

Y S= 322.123047

F:=0.05
Ho(Thek 6) + sEoF .
3
rscale(e ,s) =3 C
0 Gt(Thck,e C
[—»
ou(x,e,s) =\o; x,G)IIIscaIe(e,s))
[—y

Ku(x,e,s) =Ky x,O)mscale(G,s))

20.256—- 19.764

sinf :=

J(20.256- 19.764% + (30.641- 30.0°
sinf = 0.60887312121
asin(sinf) = 37.50806eg
xx:= Ktabl eEiD
data10'%:= Ktable L fin
datal0 ;= 6, (x% 0,0)
daIalOaj =0y(xx0,1)
data10™:= o, (xx 0,-1)
data10:= 0,(xx 0,2)
data10™®:= 0,(x% 0,-2)
daIalO@j = 0y(xx0,3)
daIalOBD = 0y(xx0,-3)
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data1087:= K (xx 0, 0)
data107:= K (xx 0, 1)
data103%:= K (xx 0,1)
data103:= K (xx 0,2)
data101?:= K (xx 0,-2)

data10 1>

=Ky(xx0,3)
data1014:= Ky (x% 0,-3)
datal07%:= 5 (xx 0,0)
data10"%:= o, Hox = 0P
O 2 C
datalOEi7D = ou(xx T, O)
data1018”:= K (xx 0, 0)
data10%:= k Hoo = 0P
0 2 ¢
dataloadj:: Ku(xx, T, O)

WRITEPRN("datal0.txt" ) := datal0"

ANL-EBS-PA-000001 REV 00 11-18
Attachment 111

April 2000



WAPDEG Analysis of Waste Package and Drip Shield Degradation

Hoop Stressand Stress|ntensity Calculation (25mm lid)

Conversion Factors: 1in=25.4 mm, 1 ks = 6.89 MPa, 1 ksi-in"%2 = 1.0988 M Pa-m"Y%2
c0:=254

cl:=6.894757

c2:=1.098843

Coefficients for stress from third order polynomial fit from results of finite element code (Ansys
5.4).

Ag:=-51.67227%1

A = ~356.26778
1
A, = 136.972415~
cO
A, = 37.180767
cl
A, = 134.406 77—
c060
A, = 1.436391
cl
Aj := ~155.15755——
c0G0E0

A3 =-0.065282

04 1= Ao+ XJR1 + (A2 + XAg)[[
Stress Intensity Table based on PC-crack calculation given input of radial stress
at 50 linearly spaced points out to (80% of thickness) 0.7872 inches or 19.995 mm.
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Ktable :=

ANL-EBS-PA-000001 REV 00

H—8.096912553 0.3988 E
[T11.08864448 0.8001
[}13.12743778 1.1989 []
(1 14.62395207 1.6002 1
[T15.74125563 1.999
[1-16.56494834 2.4003 [J
5—17.16634511 2.79915
[]-17.5702798 3.2004 ]
[117.79521296 3.5992 U
8—17.85960516 3.998 E
[F17.77785124 4.3993 [
L1 1756148006 4.7981 H
(11722755067 5.1994
[1-16.78515648 5.5982 [
5—16.23441637 5.99955
[1-15.58159374 6.3983 ]
(11483251247 6.797 U
5-13.99233711 7.1984%
[}13.06249616 7.5971 []
(11203771518 7.9985 1
[110.93137807 8.3972
[+9.747286832 8.7986 []
8—8.489320377 9.19738
[}-7.161148843 95987 ]
U 57664094 9.9974 U
8-4.327309665 10.39628
[}2.830795383 10.7975[]
L1L1.280437794 11.19635
[10.320255505 11.5976[]
J1.967753102 11.9964L]
53.658542826 12.3977%
[]5.415098304 12.7965[]
07.218783158 13.1978C
59.05768593 13.59665
[110.92825736 13.9954[]
U12 82690422 14.39675
[]14.74987947 14.7955[]
016.73175271 15.1968(]
U 15 7608867 15.50565
[]20.82285508 15.9969[]
U22.88648224 16.3957L]
524.95692222 16.79455
[127.03021919 17.1958[]
U29.13461342 17.59461
[131.33328838 17.9959
[133.52559005 18.39470]
535.70701317 18.796%
[]37.87294261 19.1948[]
040.01865333 19.5961C]
542.13953021 19.9949E
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Thek := Ktableyg 4

Thek = 19.9949

Ky := linterp(Ktabld L. Ktabld® x)

Functional form based on angular variation.
ot(x, 9) =0g(X) — (cl2.5 Eﬁl - cos(e))

Coi(Thek,8) O
Ki(x8) := Ks( C
[]0«(Thek,0) [
Rescaling based on uncertainty in range of Yield Stress (46.72 ksi).
YS:=c1[36.72
Y S= 322123047
F:=0.05

Ho(Thek, 6) + SEF

3
aelf,s) =
i e( S) E Gt(Tth, 0

g

ou(x,e,s) =\o; x,G)IIIscaIe(e,gj)

Ku(x,e,s) =Ky x,O)mscale(G,ij)

xx:= Ktabl eEiD

ER

data25:= Ktanl
daIa25EiD = 0y(xx0,0)
data25 2= 6, (x% 0, 1)
data25 3= 6, (xx 0, 1)
daIa25DCI =0y(xx0,2)
daIa25@j = 0y(xx0,-2)
data25 1= 6, (x% 0,3)
data2s := 0 (x% 0,~3)
data253:= Ky (x% 0,0)

data25 3= K, (xx 0, 1)

data251%:= K (xx 0,~1)
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data25 1= K (xx 0, 2)
data2512:= K (% 0,-2)
data25 1= K (xx 0,3)
data25 = K (xx 0,-3)

daIa25EiED = 0,(xx0,0)

dataZSEidj:: GUQOQE,OD
o 2 LC

data25Ei7D = ou(xx T, O)

data25 8= K (xx 0,0)
dataz5 19 = k Ho I oF
O 2 C

data2s 2% = Ku(xx, T, O)

WRITEPRN("data25.txt" ) = data25 "

34 COMPUTER LISTING OF TEST DATA INPUT AND OUTPUT

Input master file list (WD4DLL .wap).

VDKI i nM fil
VWDKI i nO. fil
WDdat a10cO01. fil
WDdat a10c02. fi |
WDdat a10c03. fi l
WDdat a10c04. fi |
WDdat a10c05. fi |
WDdat a10c06. fi |
WDdat a10c07. fi l
WDdat a10c08. fi |
WDdat a10c09. fi |
WDdat a10c10. fi l
WDdat al0cl11. fil
WDdat al0cl12. fil
WDdat a10c13. fil
WDdat al10c14. fil
WDdat a10c15t 017.fil
WDdat a10c18t 020. fi |
WDdat a25c01. fi l
WDdat a25c02. fi |
WDdat a25¢03. fi |
WDdat a25c04. fi |
WDdat a25c05. fi |
WDdat a25c06. fi |
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WDdat a25c07. fi |
WDdat a25c08. fi |
WDdat a25c¢09. fi |
WDdat a25c¢10. fi
WDdat a25c11. fi
WDdat a25c12. fi l
WDdat a25¢13. fi l
WDdat a25c14. fil
WDdat a25c15t 017. fi
WDdat a25¢18t 020. fi

Listing of Input Stress Intensity File (KIinM.fil) for (10mm) MiddleLid Test Case

I KlinMfil

' From Thinlidl. xls

I ACB0: AO79 A89: A138
# 1 2

# 50

# 1.0

I Kl (MPA* i) depth (mm
-7.201806034 0.3277
-10. 05117186 0. 6579
-12. 14661052 0. 9855
-13.83718048 1.3132
-15. 26051182 1. 6408
-16. 48813922 1.9710
-17. 60873931 2.2987
-18. 62418012 2.6264
-19. 34568044 2.9540
-18. 27353932 3.2842
-17. 05876838 3.6119
-15. 73543176 3.9395
-14. 40693057 4. 2697
-13. 09502192 4.5974
-11. 74410433 4.9251
-10. 37129779 5. 2527
-8.992063026 5.5829
-7.619959749 5.9106
-6. 28349195 6.2382
-5.021547684 6. 5659
-3.791766552 6. 8961
-2.602642611 7.2238
-1.461856773 7.5514
-0. 376262524 7.8791
0. 6479086 8.2093
1. 602739435 8.5369
2.489890331 8. 8646
3.304704392 9. 1948
4.043027992 9.5225
4.701256926 9. 8501
5.276226526 10. 1778
5. 809253288 10. 5080
6. 267459831 10. 8356
6. 633989902 11. 1633
6.907239191 11. 4910
7.086141819 11. 8212
7.170016506 12. 1488
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7.171796631 12. 4765
7.082153019 12. 8067
6. 8851964 13. 1343
6. 581695963 13. 4620
6.173014275 13. 7897
5. 661052333 14. 1199
5. 214086954 14. 4475
5. 185517036 14. 7752
5. 092620849 15. 1028
4.940639873 15. 4330
4.735255128 15. 7607
4.482741007 16. 0884
4.18995429 16. 4186

Listing of Input Stress Intensity File (KIinM.fil) for (10mm) Inner Lid Test Case

I KlinMfil

' From Thinlidl. xls

I ACB0: AO79 A89: A138
# 1 2

# 50

# 1.0

I Kl (MPA* i) depth (mm
-7.201806034 0.3277
-10. 05117186 0. 6579
-12. 14661052 0. 9855
-13.83718048 1.3132
-15. 26051182 1. 6408
-16. 48813922 1.9710
-17. 60873931 2.2987
-18. 62418012 2.6264
-19. 34568044 2.9540
-18. 27353932 3.2842
-17. 05876838 3.6119
-15. 73543176 3.9395
-14. 40693057 4. 2697
-13. 09502192 4.5974
-11. 74410433 4.9251
-10. 37129779 5. 2527
-8.992063026 5.5829
-7.619959749 5.9106
- 6. 28349195 6.2382
-5.021547684 6. 5659
-3.791766552 6. 8961
-2.602642611 7.2238
-1.461856773 7.5514
-0. 376262524 7.8791
0. 6479086 8.2093
1. 602739435 8.5369
2.489890331 8. 8646
3.304704392 9. 1948
4.043027992 9.5225
4.701256926 9. 8501
5.276226526 10. 1778
5. 809253288 10. 5080
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6. 267459831 10. 8356
6. 633989902 11. 1633
6.907239191 11. 4910
7.086141819 11. 8212
7.170016506 12. 1488
7.171796631 12. 4765
7.082153019 12. 8067
6. 8851964 13. 1343
6. 581695963 13. 4620
6.173014275 13. 7897
5. 661052333 14.1199
5. 214086954 14. 4475
5. 185517036 14. 7752
5. 092620849 15. 1028
4.940639873 15. 4330
4.735255128 15. 7607
4.482741007 16. 0884
4.18995429 16. 4186

Listing of Input Stress Intensity File (KIinO.fil) for (25mm) Outer Lid Test Case

I KlinOfil

! From S&K OL. x| s

I ACR9: AO78 A87: A136
# 1 2

# 50

# 1.0

I Kl (MPA* i) depth (mm
- 8. 096912553 0. 3988
-11.08864448 0. 8001
-13.12743778 1.1989
-14. 62395207 1. 6002
-15. 74125563 1. 9990
-16.56494834 2.4003
-17.16634511 2.7991
-17.5702798 3.2004
-17.79521296 3.5992
-17.85960516 3.9980
-17.77785124 4. 3993
-17.56148906 4.7981
-17. 22755067 5.1994
-16. 78515648 5.5982
-16. 23441637 5. 9995
-15. 58159374 6. 3983
-14. 83251247 6. 7970
-13.99233711 7.1984
-13. 06249616 7.5971
-12.03771518 7.9985
-10. 93137807 8. 3972
-9. 747286832 8. 7986
- 8. 489320377 9.1973
-7.161148843 9. 5987
-5.7664094 9.9974
-4, 327309665 10. 3962
-2.830795383 10. 7975
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-1.280437794 11.1963
0. 320255595 11. 5976
1. 967753102 11. 9964
3. 658542826 12. 3977
5. 415098304 12. 7965
7.218783158 13. 1978
9. 05768593 13. 5966
10. 92825736 13. 9954
12. 82690422 14. 3967
14. 74987947 14. 7955
16. 73175271 15. 1968
18. 7698867 15. 5956
20. 82285508 15. 9969
22.88648224 16. 3957
24. 95692222 16. 7945
27.03021919 17.1958
29.13461342 17. 5946
31. 33328838 17. 9959
33. 52559005 18. 3947
35.70701317 18. 7960
37.87294261 19. 1948
40. 01865333 19. 5961
42.13953021 19. 9949

Listing of Output Stress and Stress Intensity Files (WDdatalOcl5tol7.fil and
WDdatal0c18t020.fil) for (10mm) Inner Lid Test Case

! Qutput fromsccd version 1.01 ! Qutput fromsccd version 1.01

! For sanpled randomvariable z = 0.00000 ! For sanpled randomvariable z = 0.00000
| Stress Intensity vs. Depth | Stress vs. Depth

! argunent in( 1) = 0. 00000 ! argunent in( 1) = 0. 00000

! argunent in( 2) = 0. 60887 ! argunent in( 2) = 0. 60887

! argunent in( 3) = -437.72054 ! argunent in( 3) = -437.72054

! argunent in( 4) = 176. 96724 ! argunent in( 4) = 176. 96724

I argunent in( 5) = -15. 60607 ! argunent in( 5) = -15. 60607

! argunent in( 6) = 0. 36710 ! argunent in( 6) = 0. 36710

! argunent in( 7) = 3. 00000 ! argunent in( 7) = 3. 00000

! argunent in( 8) = 322. 12305 ! argunent in( 8) = 322. 12305

! argunent in( 9) = 0. 05000 ! argunent in( 9) = 0. 05000

I argunent in(10) = 17. 23689 ! argunent in(10) = 17. 23689

! argunent in(11) = 1. 00000 ! argunent in(11) = 1. 00000

! argunent in(12) = 18. 00000 ! argunent in(12) = 18. 00000

! argunent in(13) = 17. 00000 ! argunent in(13) = 17. 00000

# 3 2 # 3 2

# 50 # 50

# 0. 33333 # 0. 33333

I KI vs. Depth (angle = 0. 00000 r adi ans) | Stress vs. Depth (angle = 0. 00000 radi ans)
ANL-EBS-PA-000001 REV 00 111-26 April 2000
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WAPDEG Analysis of Waste Package and Drip Shield Degradation

-7.
-10

-12.
-13.
-15.
- 16.
-17.
-18.
-19.
-18.
-17.
- 15.
-14.
-13.
-11.
- 10.

-8.
-7.
-6.
-5.
-3.
-2.
-1
-0.3
0.6
1
2
3

g o O 0O N N N N o o o o g b~ b

20180603400000
. 0511718600000
1466105200000
8371804800000
2605118200000
4881392200000
6087393100000
6241801200000
3456804400000
2735393200000
0587683800000
7354317600000
4069305700000
0950219200000
7441043300000
3712977900000
99206302600000
61995974900000
28349195000000
02154768400000
79176655200000
60264261100000
46185677300000
76262524000000
47908600000000
60273943500000
48989033100000
30470439200000

. 04302799200000
. 70125692600000
. 27622652600000
. 80925328800000
. 26745983100000
.63398990200000
.90723919100000
.08614181900000
.17001650600000
.17179663100000
. 08215301900000
. 88519640000000
. 58169596300000
. 17301427500000
. 66105233300000

0.199527721820517
0.400577626444059
0.600044460952455
0.799572182772972
0.999039017281368

1.20008892190491

1.39961664372543

1.59914436554594
.79861120005434
.99966110467788
.19918882649840
. 39865566100679
.59970556563034
. 79923328745085
.99876100927137
.19822784377977
.39927774840331
.59880547022383
. 79827230473222
.99780002655274
.19884993117628
. 39837765299680
.59784448750519
. 79737220932571
.99842211394925
.19788894845765
. 39741667027817
. 59846657490171
. 79799429672223
.99746113123062
.19698885305114
. 39803875767468
.59750559218308
. 79703331400359
.99656103582411
.19761094044765
.39707777495605
.59660549677657
. 79765540140011
.99712223590850
. 19664995772902
.39617767954954
.59722758417308
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-27

-381
-327
-278
-231
-187
- 146
-108
-73.
-41.
-11.
15.
39.
61.
81.
99.
114
127

138.
148.
155.
160.
164.
166.
167.
166.
164.
160.
155.
149.
142.
133.
124.
114.
103.

92.
79.
67.
53.
40.
26.
11.
-2.3
- 16.

. 391354046354
. 944074942598
. 124745432091
. 408411480447
. 746124894520
. 734338309176
. 929849460936
9334352802770
6770222269442
8475042555369
1711756272377
6852830645551
9467878680317
6887433515208
1663370590975
. 452739672944
. 727431624854
862411738665
041130471831
346682805888
888780598165
661508132565
790690751384
355119690056
418842014631
074962488104
398029218561
423807439792
305623100921
090376169171
851153100029
594011615931
540324274169
694859700931
1380696224587
8522271249622
1053410871005
8764203100514
1414657033600
1907609908213
9907194137937
7693477679909
9451346345174

0.199527721820517
0.400577626444059
0.600044460952455
0.799572182772972
0.999039017281368
.20008892190491
. 39961664372543
. 59914436554594
.79861120005434
.99966110467788
.19918882649840
. 39865566100679
.59970556563034
. 79923328745085
.99876100927137
.19822784377977
.39927774840331
.59880547022383
. 79827230473222
. 99780002655274
.19884993117628
. 39837765299680
. 59784448750519
. 79737220932571
.99842211394925
.19788894845765
. 39741667027817
. 59846657490171
. 79799429672223
.99746113123062
.19698885305114
. 39803875767468
.59750559218308
. 79703331400359
.99656103582411
.19761094044765
.39707777495605
. 59660549677657
. 79765540140011
.99712223590850
. 19664995772902
.39617767954954
.59722758417308
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WAPDEG Analysis of Waste Package and Drip Shield Degradation

. 21408695400000
.18551703600000
.09262084900000
. 94063987300000
. 73525512800000
.48274100700000
.18995429000000
50

A A b b O 0 O

# 0.33333
LK Dept h

- 8. 28755421267853

-11. 5664919740185
9778401014336
9232813043319
5611948481243
9739000199156
2634423864780
4319716030261
2622457020834
0284680060869
6305575411692
1077139755280
5789272265161
0692345178223
5146518602042
-11. 9348802626275
-10. 3477113185186
- 8. 76874900825270
-7.23079459995272

VS.

-13.
- 15.
-17.
-18.
-20
-21.
-22.
-21.
-19.
- 18.
- 16.
- 15.
-13.

-5.77859893285489
-4.36341533126066
-2.99501842080432
-1.68224709193949
-0.432988065927861
0. 745587651487789

1. 84436930037434

2.86526754599714

3. 80292341619275
. 65255708205551
.41002096668734
. 07167329502636
. 68505946038938
. 21234547000819

~N o o o b~

. 79669441868148
.99622214050199
.19568897501039
. 39673887963393
.59626660145445
. 79579432327496
.99684422789851

© © © © ©O© 0 o

(angle =
0. 199527721820517

0. 400577626444059

0. 600044460952455

0. 799572182772972
0.999039017281368
1.20008892190491
1.39961664372543
1.59914436554594
.79861120005434
. 99966110467788
.19918882649840
. 39865566100679
. 59970556563034
. 79923328745085
. 99876100927137
.19822784377977
. 39927774840331
.59880547022383
. 79827230473222
. 99780002655274
.19884993117628
. 39837765299680
.59784448750519
. 79737220932571
.99842211394925
.19788894845765
. 39741667027817
. 59846657490171
. 79799429672223
.99746113123062
.19698885305114
. 39803875767468
. 59750559218308
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1. 57080 radi ans)

11-28

-31. 4108693340314
-45. 8155335190830
-60. 0728759766058
-74.2201822011426
-87.9608464820539
-101. 325410484862
-114.332917016722
50

# 0.33333

| Stress vs. Depth
- 398. 628246546354
- 345. 180967442598
-295. 361637932091
- 248. 645303980447
-204.983017394520
-163. 971230809176
-126. 166741960936
-91. 1703277802770
-58.9139147269442
-29. 0843967555369
-2.06571687276231
22. 4483905645551
44. 7098953680317
64. 4518508515208
81. 9294445590975
97. 2158471729440
110. 490539124854
121. 625519238665
130. 804237971831
138. 109790305888
143. 651888098165
147. 424615632565
149. 553798251384
150. 118227190056
149. 181949514631
146. 838069988104
143. 161136718560
138. 186914939792
132. 068730600921
124. 853483669171
116. 614260600029
107. 357119115931
97.3034317741686

.79669441868148
.99622214050199
.19568897501039
. 39673887963393
.59626660145445
. 79579432327496
. 99684422789851

© © © © ©O© 0 o

(angle = 1. 57080 radi ans)
0. 199527721820517
0. 400577626444059
0. 600044460952455
0. 799572182772972
0.999039017281368
.20008892190491
. 39961664372543
.59914436554594
. 79861120005434
. 99966110467788
.19918882649840
. 39865566100679
. 59970556563034
. 79923328745085
. 99876100927137
.19822784377977
. 39927774840331
.59880547022383
. 79827230473222
. 99780002655274
.19884993117628
. 39837765299680
. 59784448750519
. 79737220932571
.99842211394925
.19788894845765
. 39741667027817
. 59846657490171
. 79799429672223
.99746113123062
.19698885305114
. 39803875767468
. 59750559218308
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WAPDEG Analysis of Waste Package and Drip Shield Degradation

. 63413381305000
. 94857831287022
. 15445239797345
. 25097207821786
. 25302057582710
.14986224432484
.92321233875917
. 57395601148037
. 10366125082743
.51451564913777
. 00016552749258
. 96728839317947
. 86038712670840
. 68549341644331
. 44914475603662
. 15856146937568
. 82163406832737
50
# 0.33333
LK Dept h
-9.37330239135706
-13. 0818120880370
- 15. 8090696828671
-18. 0093821286639
-19. 8618778762487
4596608198313
9181454629560
2397630860521
1788109641668
7833966921739
2023467023383
4799961910560
7509238830322
0434471156446
2851993904083
4984627352549
7033596110372

A O 00 o7 o0 01 O O N N N 0 00 00 00 NN

VS.

- 21.
-22.
-24
- 25.
-23.
-22.
- 20.
-18.
-17.
- 15.
-13.
-11.
-9.91753826750540
-8.17809724990545
-6.53565018170979
-4.93506411052133
- 3.38739423060864
-1.90263741087899

. 79703331400359
. 99656103582411
. 19761094044765
. 39707777495605
. 59660549677657
. 79765540140011
. 99712223590850
. 19664995772902
. 39617767954954
. 59722758417308
. 79669441868148
. 99622214050199
. 19568897501039
. 39673887963393
. 59626660145445
. 79579432327496
.99684422789851

© © O ©OW O 0 00 00 00 00 N N N N N o o

(angle =
0. 199527721820517

0. 400577626444059

0. 600044460952455
0.799572182772972
0.999039017281368
1.20008892190491
1.39961664372543
1.59914436554594

. 79861120005434
. 99966110467788
.19918882649840
. 39865566100679
. 59970556563034
. 79923328745085
.99876100927137
.19822784377977
. 39927774840331
. 59880547022383
. 79827230473222
. 99780002655274
.19884993117628
. 39837765299680
.59784448750519

A DA DA W W W W WDNDNDNDNDMNDN PR
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3. 14159 radi ans)

11-29

86. 4579672009308
74.9011771224587
62. 6153346249622
49. 8684485871005
36. 6395278100514
22.9045732033600
8. 95386849082134
-5.24617308620627
6138272767991
1820271345174
6477618340314
0524260190830
-77.3097684766058
-91. 4570747011426
-105. 197738982054
-118. 562302984862

-19.
- 34.
-48.
-63.

-131. 569809516722
50

# 0.33333

| Stress vs. Depth
-415. 865139046354
-362. 417859942598
-312. 598530432091
- 265. 882196480447
-222. 219909894520
-181. 208123309176
-143. 403634460936
-108. 407220280277
-76.1508072269442
-46. 3212892555369
-19. 3026093727623
5.21149806455505
27.4730028680317
47.2149583515208
64. 6925520590975
79. 9789546729440
93. 2536466248544
104. 388626738665
113. 567345471831
120. 872897805888
126. 414995598165
130. 187723132565
132. 316905751384

. 79703331400359
. 99656103582411
.19761094044765
. 39707777495605
. 59660549677657
. 79765540140011
. 99712223590850
. 19664995772902
. 39617767954954
. 59722758417308
. 79669441868148
.99622214050199
. 19568897501039
. 39673887963393
. 59626660145445
. 79579432327496
.99684422789851

© © O O ©O 0 00 00 00 00 N N N N N o o

(angle = 3. 14159 radi ans)
0. 199527721820517
0. 400577626444059
0. 600044460952455
0.799572182772972
0.999039017281368
.20008892190491
.39961664372543
.59914436554594
. 79861120005434
. 99966110467788
.19918882649840
. 39865566100679
. 59970556563034
. 79923328745085
.99876100927137
.19822784377977
. 39927774840331
. 59880547022383
. 79827230473222
. 99780002655274
.19884993117628
. 39837765299680
.59784448750519
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WAPDEG Analysis of Waste Package and Drip Shield Degradation

-0.489713607855721
0. 843266702975578

2
3
4
.26208617211103
.11878500737469
. 86712006405272
. 56086563277876
.15723110901638
.63427772410001
.98991743474044
. 22276297694690
. 33192765043572
. 33424452065420
. 21757146964969
.96122827751835
.56621605996075
. 03430822665486
. 36797896527553
. 78624410098517
. 74905975035895
.62815340441680
. 43034695988661
.16303438407325
. 83438193175135
.45331384665473

5
6
6
7
8
8
8
9
9
9
9
8
8
8
7
6
6
6
6
6
5
5

08599916574867
24064476099429
30114244038550

© © © O ©OW 00 0 0 00 00 N N N N N o o o oo oo oo, 0B~ b

. 79737220932571
.99842211394925
.19788894845765
.39741667027817
.59846657490171
. 79799429672223
.99746113123062
.19698885305114
. 39803875767468
.59750559218308
. 79703331400359
.99656103582411
.19761094044765
. 39707777495605
. 59660549677657
. 79765540140011
.99712223590850
. 19664995772902
. 39617767954954
.59722758417308
.79669441868148
.99622214050199
.19568897501039
. 39673887963393
.59626660145445
. 79579432327496
.99684422789851

132.
131.
129.
125.
120.
114.
107.

99.
90.
80.
69.
57.
45.
32.
19.
5.6
-8.2
-22.
- 36.
-51.
- 65.
- 80.
-94.
-108
-122
-135
-148

881334690056
945057014631
601177488104
924244218561
950022439792
831838100921
616591169171
3773681000294
1202266159308
0665392741686
2210747009308
6642846224587
3784421249622
6315560871005
4026353100514
6768070336004
8302400917867
4830655862063
8507197767991
4189196345174
8846543340314
2893185190830
5466609766058
. 693967201143
. 434631482054
. 799195484862
. 806702016722

Listing of Output Stress and Stress Intensity Files (WDdata25¢15to17.fil and
Wddata25¢18t020.fil) for (25mm) Outer Lid Test Case

! Qutput fromsccd version 1.01

! For sanpled randomvariable z =
I Stress vs.
! argunent in( 1)
I argunent in( 2)
I argunent in( 3)
I argunent in(
! argunent in( 5)
! argunent in( 6)
I argunent in( 7)

I argunent in(

ANL-EBS-PA-000001 REV 00

Dept h

4) =

8) =

Attachment 111

- 356.
37.

-0

322.

2
1

.4

0

1

0. 00000

. 00000
. 00000

6778
8077
3639
6528

. 00000

2305

© © © © © 00 00 00 00 0 ~N N N N N o o o o o o o o o 0o b~ b

. 79737220932571
.99842211394925
.19788894845765
.39741667027817
.59846657490171
. 79799429672223
.99746113123062
.19698885305114
.39803875767468
. 59750559218308
. 79703331400359
.99656103582411
.19761094044765
.39707777495605
. 59660549677657
. 79765540140011
.99712223590850
. 19664995772902
. 39617767954954
.59722758417308
.79669441868148
.99622214050199
.19568897501039
. 39673887963393
.59626660145445
. 79579432327496
.99684422789851

Qut put from sccd version 1.01

For sanpl ed random variable z =

Stress Intensity vs.

argu
argu
argu
argu
argu
argu
argu

argu

ment in( 1) =
ment in( 2) =
ment in( 3) =
ment in( 4) =
ment in( 5) =
ment in( 6) =
ment in( 7) =
ment in( 8) =

Dept h
00000
00000
26778
18077

0

1

- 356.
37.

-0

322.

0. 00000

. 43639

06528

. 00000

12305
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WAPDEG Analysis of Waste Package and Drip Shield Degradation

H* O H®

argunent in( 9) =
argunent in(10) =
argunent in(11) =
argunent in(12) =
argunent in(13) =

3 2

50

0. 33333

Stress vs. Depth

-341.215784707651
- 325. 633364692085
-309. 739642115624
-293. 360529728595
-276. 725076327183
- 259. 649895127803
-242.372707600602
-224.702081147980
-206. 883156194151
-188. 831551544850
-170. 457042366105
-152. 013539113604
- 133. 294986374736
-114.559581218197
-95.5976084783162
-76. 6702981169005
-57. 6894435466940
- 38. 5463100679875
-19. 5233934171268
-0.388237329730828
18.5767697770207
37.6032998395972
56. 4104257774758
75.2276811817238
93. 7769543259661
112. 165003299998
130. 475735164219
148. 456034096812
166. 306148033961
183. 778700225955
201. 067572676921
217.932381429153
234.559388834825
250. 716457448134

(angle =

0. 05000

17.23689

2.00000

34. 00000
33. 00000

0. 398800000000000
0. 800100000000000

1. 19890000000000

1.60020000000000

1.99900000000000
.40030000000000
. 79910000000000
.20040000000000
.59920000000000
. 99800000000000
.39930000000000
. 79810000000000
. 19940000000000
.59820000000000
. 99950000000000
.39830000000000
. 79700000000000
. 19840000000000
.59710000000000
.99850000000000
.39720000000000
. 79860000000000
.19730000000000
.59870000000000
. 99740000000000
10. 3962000000000
10. 7975000000000
11. 1963000000000
11. 5976000000000
11. 9964000000000
12. 3977000000000
12. 7965000000000
13. 1978000000000
13. 5966000000000

© © ©O© 00 0 N N N oo o o o o0 b~ b ow w w NN

ANL-EBS-PA-000001 REV 00
Attachment 111

0. 00000 r adi ans)

-31

H* O H®

argunent in( 9) =
argunent in(10) =
argunent in(11) =
argunent in(12) =
argunent in(13) =

3 2

50

0. 33333

Kl vs. Depth

-8.09691255300000
-11. 0886444800000
-13. 1274377800000
-14. 6239520700000
-15. 7412556300000
-16. 5649483400000
-17. 1663451100000
-17.5702798000000
-17.7952129600000
-17. 8596051600000
-17. 7778512400000
-17. 5614890600000
-17. 2275506700000
-16. 7851564800000
-16. 2344163700000
-15. 5815937400000
-14. 8325124700000
-13. 9923371100000
-13. 0624961600000
-12. 0377151800000
-10. 9313780700000
-9.74728683200000
-8.48932037700000
-7.16114884300000
-5.76640940000000
-4.32730966500000
-2.83079538300000
-1.28043779400000
0. 320255595000000
1.96775310200000
3. 65854282600000
5. 41509830400000
7.21878315800000
9. 05768593000000

(angle =

0. 05000

17.23689

2. 00000

34. 00000
33. 00000

0. 398800000000000
0. 800100000000000
1. 19890000000000
1.60020000000000
1.99900000000000
2.40030000000000
2.79910000000000
3.20040000000000
3. 59920000000000
3. 99800000000000
4.39930000000000
4.79810000000000
5. 19940000000000
5. 59820000000000
5. 99950000000000
6. 39830000000000
6. 79700000000000
7.19840000000000
7.59710000000000
7.99850000000000
8.39720000000000
8. 79860000000000
9. 19730000000000
9. 59870000000000
9. 99740000000000
10. 3962000000000
10. 7975000000000
11. 1963000000000
11. 5976000000000
11. 9964000000000
12. 3977000000000
12. 7965000000000
13. 1978000000000
13. 5966000000000
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266.
281.
296.
311.
325.
338.
351.
364.
375.
387.
397.
407.
416.
424,
432.
439.

50
0. 33333

483419038827
930308024625
839690652968
373312900355
325119867184
844851817049
739086423205
068844440398
880970062756
003316895848
550150527566
365089477394
546007559362
953541926765
667920899871
568053985687

#

| Stress vs. Depth (angl e
- 358.
-342.
- 326.
- 310.
-293.

- 276.

976534615624
597422228595
961968827183
886787627803
609600100602
938973647980
120048694151
068444044850
693934866105
250431613604
531878874736
796473718197
-112. 834500978316
-93. 9071906169005
-74.9263360466939
-55. 7832025679875

- 259.
- 241.
-224
- 206.
-187.
-169.
-150.
-131.

-36. 7602859171268
-17. 6251298297308
1.33987727702068
20. 3664073395972
39. 1735332774758
57.9907886817238
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452677207651 0.
870257192085 0.

13

14.
14.
15.
15.
15.
16.
16.
17.
17.
17.
18.
18.
19.
19.
19.

3
8

© © 00 00 N N N o o o o o b~ b W o w W NN DN PRFP R

. 9954000000000
3967000000000
7955000000000
1968000000000
5956000000000
9969000000000
3957000000000
7945000000000
1958000000000
5946000000000
9959000000000
3947000000000
7960000000000
1948000000000
5961000000000
9949000000000

1. 57080 radi ans)

98800000000000
00100000000000

.19890000000000
.60020000000000
. 99900000000000
.40030000000000
. 79910000000000
.20040000000000
.59920000000000
.99800000000000
.39930000000000
. 79810000000000
. 19940000000000
.59820000000000
. 99950000000000
. 39830000000000
. 79700000000000
.19840000000000
.59710000000000
. 99850000000000
. 39720000000000
. 79860000000000
.19730000000000
.59870000000000

11-32

10.
12.
14.
16.
18.
20.
22.
24.
27.
29.
31.
33.
35.
37.
40.
42.

#
I Kl
-7.

0

- 10.
-12.
-14.
- 15.
- 15.
- 16.
- 16.
-17.
-17.
-17.
- 16.
- 16.
- 16.
- 15.
-14.
-14.
-13.
-12.
-11.
- 10.

-9.
- 8.
-6.

9282573600000
8269042200000
7498794700000
7317527100000
7698867000000
8228550800000
8864822400000
9569222200000
0302191900000
1346134200000
3332883800000
5255900500000
7070131700000
8729426100000
0186533300000
1395302100000
50

. 33333

Dept h
77940628749121
6538226790538
6126682653308
0504993646222
1239898195092
9153828603987
4931969078138
8812920053652
0974048048693
1592719773584
0807238943562
8728459788606
5520023988175
1269559232988
5978121235526
9705887913014
2508814332763
4436520806810
5502732173862
5656772313323
5027231962871
36506402539149
15642652493410
88033691487178

VS.

(angl e

13.
14.
14.
15.
15.
15.
16.
16.
17.
17.
17.
18.
18.
19.
19.
19.

.3
.8

© © 0 00 N N N o o g o g b~ B W W w N DD RFP Rk

9954000000000
3967000000000
7955000000000
1968000000000
5956000000000
9969000000000
3957000000000
7945000000000
1958000000000
5946000000000
9959000000000
3947000000000
7960000000000
1948000000000
5961000000000
9949000000000

1. 57080 radi ans)
98800000000000
00100000000000

.19890000000000
.60020000000000
. 99900000000000
.40030000000000
. 79910000000000
.20040000000000
.59920000000000
. 99800000000000
.39930000000000
. 79810000000000
. 19940000000000
.59820000000000
. 99950000000000
..39830000000000
. 79700000000000
. 19840000000000
.59710000000000
. 99850000000000
. 39720000000000
. 79860000000000
.19730000000000
.59870000000000
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76.5400618259661
94. 9281107999982
113. 238842664219
131. 219141596812
149. 069255533961
166. 541807725955
183. 830680176921
200. 695488929153
217. 322496334825
233. 479564948134
249. 246526538827
264. 693415524625
279. 602798152968
294. 136420400355
308. 088227367184
321. 607959317049
334.502193923205
346. 831951940398
358. 644077562756
369. 766424395848
380. 313258027566
390. 128196977394
399. 309115059362
407. 716649426765
415. 431028399871
422.331161485687
50
# 0.33333
| Stress vs. Depth (angl e
- 375.
- 360.
-344
-327.

213427115624
834314728595
198861327183
123680127803
846492600602
175866147980
356941194151
305336544850
930827366105
487324113604
768771374736
033366218197

- 311.
-294
- 276.
- 259.
- 241.
-223.
-204.
-186.
-167.
- 149.

ANL-EBS-PA-000001 REV 00
Attachment 111

689569707651 0.
107149692085 0.

9
10

10.
11.
11.
11.
12.
12.
13.
13.
13.
14.
14.
15.
15.
15.
16.
16.
17.
17.
17.
18.
18.
19.
19.
19.

3
8

g o0 A A W W W DNDN PP PP

99740000000000
. 3962000000000
7975000000000
1963000000000
5976000000000
9964000000000
3977000000000
7965000000000
1978000000000
5966000000000
9954000000000
3967000000000
7955000000000
1968000000000
5956000000000
9969000000000
3957000000000
7945000000000
1958000000000
5946000000000
9959000000000
3947000000000
7960000000000
1948000000000
5961000000000
9949000000000

3. 14159 radi ans)

98800000000000
00100000000000

. 19890000000000
. 60020000000000
. 99900000000000
.40030000000000
. 79910000000000
.20040000000000
.59920000000000
.99800000000000
. 39930000000000
. 79810000000000
. 19940000000000
. 59820000000000

111-33

- 5. 54028973994384
-4.15762178428735
-2.71979069268223
-1.23022766519743
0.307697331919948
1. 89059110540318
3.51507946730819
5.20275469418431
6.93571120100262
8. 70250461675730
10. 4997248594721
12. 3239196032991
14. 1714887418589
16. 0756462887444
18. 0338584187100
20. 0063232340148
21. 9890288639026
23. 9782801609685
25.9702764161681
27.9921505067011
30. 1046082732897
32. 2109426672998
34. 3068250946231
36. 3878213995116
38. 4493918261455
40. 4871022283844
50
# 0.33333
LK Dept h
-7.46190002198242
-10. 2190008781076
-12. 0978987506616
-13. 4770466592444
5067240090184
2658173807974
8200487056275
1923042107303
3995966497387
4589387947168
3835965487123
1842028977212
8764541276350
4687553665976

VSs.

-14.
-15.
-15.
-16.
-16.
-16.
-16.
-16.
-15.
-15.

(angl e

0

9

10.
10.
11.

.3
8

g o0 A A W W W DNDN PP PR

99740000000000
3962000000000
7975000000000
1963000000000
. 5976000000000
. 9964000000000
. 3977000000000
. 7965000000000
. 1978000000000
. 5966000000000
. 9954000000000
. 3967000000000
. 7955000000000
. 1968000000000
. 5956000000000
. 9969000000000
. 3957000000000
. 7945000000000
. 1958000000000
. 5946000000000
. 9959000000000
. 3947000000000
. 7960000000000
. 1948000000000
. 5961000000000
. 9949000000000

3. 14159 radi ans)
98800000000000
00100000000000

.19890000000000
. 60020000000000
. 99900000000000
. 40030000000000
. 79910000000000
.20040000000000
.59920000000000
. 99800000000000
. 39930000000000
. 79810000000000
. 19940000000000
. 59820000000000
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-130
-111.

071393478316
144083116901

-92. 1632285466939
-73.0200950679875

-53.9971784171268
- 34. 8620223297308
-15. 8970152229793
3.12951483959724

21. 9366407774758
40. 7538961817238
59. 3031693259661
77.6912182999982

96. 0019501642188

113.
131.
149.
166.
183.
200.
216.
232.
247.
262.
276.
290.
304.
317.
329.
341.
352.
363.
372.
382.
390.
398.
405.

982249096812
832363033961
304915225955
593787676921
458596429153
085603834825
242672448134
009634038827
456523024625
365905652968
899527900355
851334867184
371066817049
265301423205
595059440398
407185062756
529531895848
076365527566
891304477394
072222559362
479756926765
194135899871
094268985687

© © ©W 00 00 N N N 0o o O

10

10.
11.
11.
11.
12.
12.
13.
13.
13.
14.
14.
15.
15.
15.
16.
16.
17.
17.
17.
18.
18.
19.
19.
19.

99950000000000

. 39830000000000
. 79700000000000
.19840000000000
.59710000000000
. 99850000000000
. 39720000000000
. 79860000000000
.19730000000000
.59870000000000
. 99740000000000

. 3962000000000
7975000000000
1963000000000
5976000000000
9964000000000
3977000000000
7965000000000
1978000000000
5966000000000
9954000000000
3967000000000
7955000000000
1968000000000
5956000000000
9969000000000
3957000000000
7945000000000
1958000000000
5946000000000
9959000000000
3947000000000
7960000000000
1948000000000
5961000000000
9949000000000

-14.
-14.
-13.
-12.
-12.
-11.
- 10.

-8.
-7.
-6.
-5.
-3.
-2.
-1.
0.2
1.
3.
4.
6.
8.

10.
11.
13.
15.
17.
19.
21.
22.
24.
26.
28.
30.
32.
34.
36.
38.

9612078771051
3595838426029
6692503965527
8949670513620
0380502747723
0936392826645
0740683225743
98284121878298
82353267286819
59952498674356
31417007988769
98793390357469
60878600236445
18001753639487
95139068839897
81342910880635
37161610861639
99041108436861
65263924400525
34732330351461
0711923589443
8209349865983
5930980137178
4195398674887
2978301374200
1897913880297
0915754878051
9996381019371
9103336423363
8496875934023
8759281665795
8962952845995
9066370192463
9027001890233
8801303222910
8346742467688

© © ©O©W 00 00 N N N o o o

10.
11.
11.
11.
12.
12.
13.
13.
13.
14.
14.
15.
15.
15.
16.
16.
17.
17.
17.
18.
18.
19.
19.
19.

. 99950000000000
.39830000000000
. 79700000000000
. 19840000000000
.59710000000000
. 99850000000000
. 39720000000000
. 79860000000000
.19730000000000
.59870000000000
. 99740000000000

. 3962000000000
7975000000000
1963000000000
5976000000000
9964000000000
3977000000000
7965000000000
1978000000000
5966000000000
9954000000000
3967000000000
7955000000000
1968000000000
5956000000000
9969000000000
3957000000000
7945000000000
1958000000000
5946000000000
9959000000000
3947000000000
7960000000000
1948000000000
5961000000000
9949000000000

All other test files are available for review and documented in DTN: MOO0O002SPA SDA04.001.
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ATTACHMENT IV
PREWAP SOFTWARE ROUTINE REPORT

1. SOFTWARE ROUTINE IDENTIFICATION
Software Name and Version Number: PREWAP Version 1.0

This routine was developed using Microsoft Developer Studio 97 with Visual Fortran 6.0A,
Professional Edition.

SRR Document Identification Number: N/A
SRR Media Number (If Applicable): N/A

2. DESCRIPTION AND TESTING
21 OVERVIEW

Corrosion of the drip shields and waste packages is accounted for in the Total System
Performance Assessment-Site Recommendation (TSPA-SR) model by the WAPDEG routine,
which runs as a DLL under the TSPA-SR software (Golder Associates 2000). As input,
WAPDEG requires T-H data (temperatures, relative humidities, etc.), as well as seepage
chemistry information (pH, chloride concentration, etc.). T-H data are taken from CRWMS
M&O 2000k. Seepage chemistry in-drift is characterized in the AMR entitled In-Drift
Precipitates/Salts Analysis (CRWMS M&O 2000I). In-package chemistry is characterized in the
AMR entitled In-Package Chemistry Abstraction for TSPA-LA (CRWMS M& O 2000m).

The PREWAP routine calculates the seepage chemistry associated with the T-H data. The T-H
and seepage chemistry data are then written to output files that are used as input to the
WAPDEG routine (CRWMS M& O 1999¢).

The PREWAP routine extracts this data from these various tables and prepares an output table
that is used as input to the WAPDEG routine.

The PREWAP routine is a stand-alone executable that does not operate as a DLL under TSPA-
SR software (i.e., Goldsim (Golder Associates 2000)). This allows the WAPDEG input to be
prepared independent of (TSPA-SR) software, reducing the run time for TSPA-SR realizations.

2.2 INPUTS

The input to PREWAP consist of in-drift drip and no-drip chemistry pH and Cl data, in-package
pH and Cl data, and T-H data (for low, mean, and high infiltration cases) (CRWMS M&O
2000k) for Commercial Spent Nuclear Fuel (CSNF) and Co-Disposed Waste Package (CDSP)
waste packages. Information is also passed to PREWAP regarding input and output file names,
aswell asan RH corrosion limit.

ANL-EBS-PA-000001 REV 00 V-1 April 2000
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2.2.1 In-Drift Chemistry Data (Drip Conditions)

In-drift pH and Chloride Concentration (Cl) under dripping conditions are dependent on RH and
the abstracted time period. Within a given set of RH and time period, they can also be dependent
on temperature (T), invert evaporation rate (Qe), and seepage rate (Qs) into the drift. The break-
down of cases and their independent parameters are given in Table 1.

Table 1. Classification of In-Drift pH and CI Data Sets for Dripping Conditions

RH time period(s)* additional
independent
parameters

case 1 RH<50.3% all none

case 2 50.3%<RH<85% | 2,3,4,5 none

case 3 RH>85% 2,3,5 1-Qel/Qs
case 4 RH>85% 4 1-Qe/Qs, T

*time periods: 0 to 50 years from initial opening of the repository

1

2 50 to 1000 years from initial opening of the repository

3 1000 to 2000 years from initial opening of the repository

4 2000 to 100,000 years from initial opening of the repository
5 > 100,000 years from initial opening of the repository

Case 1 conditions have no pH and Cl (Molal) data. For this case, the pH and Cl are hardwired in
the PREWAP code to be equal to -9.99E-02 (the default ‘does not exist’ value for WAPDEG
input).

Case 2 data for pH and Cl are contained in files phTablel.dat and ClTablel.dat, respectively.
The contents of these files are shown in Table 2 and Table 3. The value in the first row indicates
the number of rows of datato follow. The data are organized as a set of 1-D look-up tables. The
1% column contains the RH independent parameter values. Columns 2, 3, and 4 contain the
dependent parameter values (pH or Cl) for time periods 2, 3/5, and 4, respectively. The
remaining information in the file below the look-up table (column headings and descriptive text)
isnot used by PREWAP.

Case 3 data for pH and Cl are contained in files phTable2.dat and CITable2.dat, respectively.
The contents of these files are shown in Table 4 and Table 5. The value in the first row indicates
the number of rows of datato follow. The data are organized as a set of 1-D look-up tables. The
1% column contains the 1-Q4J/Qs independent parameter values. Columns 2, 3, and 4 contain the
dependent parameter values (pH or Cl) for time periods 2 and 3/5, respectively. The remaining
information in the file below the look-up table (column headings and descriptive text) is not used
by PREWAP.

Case 4 data for pH and Cl are contained in files phTable3.dat and CITable3.dat, respectively.
The contents of these files are shown in Table 6 and Table 7. The valuesin the first row indicate
the number of rows and columns that make up the dependent data set (pH or ClI values) in the 2-

ANL-EBS-PA-000001 REV 00 V-2 April 2000
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D look-up table that follows. The next row contains the independent parameter temperature
values. In the remaining rows, the 1% column contains the 1-Q¢/Qs independent parameter values.
Columns 2, 3, and 4 contain the dependent parameter values (pH or Cl) for temperatures of 25 C,
50 C, and 75 C, respectively. The remaining information in the file below the look-up table
(column headings and descriptive text) is not used by PREWAP.

10

50.3
51.0
53.1
55.2
60.5
65.7
71.0
76.2
815
85.0

9.40
9.40
9.40
9.40
9.40
9.40
9.40
9.40
9.40
9.40
2

Table 2.
764 7.02
764 7.02
764 7.02
764 7.02
764 7.02
764 7.02
764 7.02
764 7.02
764 7.02
764 7.02
3/5 4

; Salts Lookup Tables
; In-Drift Precipitates/Salts AMR (ANL-EBS-MD-000045)

; Seepage Name: Abstracted THC Seepage Water

Case 2 pH Look-Up Table (In-Drift Dripping Conditions)

; 1st independent variable (columns) = Abstracted Period

; dependent parameter = pH

10

50.3
51.0
53.1
55.2
60.5
65.7
71.0
76.2
815
85.0

-2.431

-1.246

-0.389

-0.164
0.225
0.380
0.420
0.428
0.418
0.407
2

2nd independent variable (rows) = relative humidity (RH)

Table 3 Case 2 Cl Look-Up Table (In-Drift Dripping Conditions)

-2.428
-1.244
-0.391
-0.169
0.211
0.358
0.396
0.403
0.394
0.382
3/5

; Salts Lookup Tables
; In-Drift Precipitates/Salts AMR (ANL-EBS-MD-000045)

; Seepage Name: Abstracted THC Seepage Water

-2.415
-1.231
-0.380
-0.159
0.216
0.359
0.396
0.403
0.394
0.382
4

; 1st independent variable (columns) = Abstracted Period
; 2nd independent variable (rows) = relative humidity (RH)
; dependent parameter = log Cl (i.e., log of Cl concentration (molal))

ANL-EBS-PA-000001 REV 00
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7
0.000999 9.40
0.001 9.41
0.01 9.28
0.1 9.21
0.5 8.87
0.9 8.62
1.0 8.58

2

Table 4. Case 3 pH Look-Up Table (In-Drift Dripping Conditions)

7.64
7.64
7.58
7.45
7.64
7.71
7.72
3/5

; Salts Lookup Tables
; In-Drift Precipitates/Salts AMR (ANL-EBS-MD-000045)

; Seepage Name: Abstracted THC Seepage Water

; 1st independent variable (columns) = Abstracted Period
; 2nd independent variable (rows) = 1-Qe/Qs (Qe = evaporation rate, Qs = incoming seepage rate)

; condition: relative humidity (RH) > 85 percent

; dependent parameter = pH

7
0.000999 0.387
0.001 0.190
0.01 -0.752
0.1 -1.745
0.5 -2.445
0.9 -2.699
1.0 -2.745

2

Table 5. Case 3 Cl Look-Up Table (In-Drift Dripping Conditions)

0.382

0.373
-0.502
-1.496
-2.194
-2.449
-2.496

3/5

; Salts Lookup Tables
; In-Drift Precipitates/Salts AMR (ANL-EBS-MD-000045)

; Seepage Name: Abstracted THC Seepage Water

; 1st independent variable (columns) = Abstracted Period
; 2nd independent variable (rows) = 1-Qe/Qs (Qe = evaporation rate, Qs = incoming seepage rate)

; condition: relative humidity (RH) > 85 percent

; dependent parameter = log Cl (i.e., log of Cl concentration (molal))
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Table 6. Case 4 pH Look-Up Table (In-Drift Dripping Conditions)

7 3

25 50 75
0.0011999 702 702 7.02
0.0012 6.78 6.86 7.02
0.01 6.986 6.95 7.02
0.1 711 7.03 6.97
0.5 723 718 7.14
0.9 709 722 7.18
1.0 705 722 7.19

; Salts Lookup Tables

; In-Drift Precipitates/Salts AMR (ANL-EBS-MD-000045)
; Seepage Name: Abstracted THC Seepage Water

; condition: Period 4

; 1st independent variable (columns) = temperature ('C)
; dependent parameter = pH

Table 7. Case 4 Cl Look-Up Table (In-Drift Dripping Conditions)

7 3

25 50 75
0.0011999 0.38202  0.38202  0.38202
0.0012 0.39094  0.38202  0.38202
0.01 -0.48798 -0.48872 -0.48945
0.1 -1.4828 -1.48216 -1.48214
0.5 -2.18053 -2.18052 -2.18059
0.9 -2.43581 -2.43581 -2.43581
1.0 -2.48149 -2.48149 -2.48162

; Salts Lookup Tables
; In-Drift Precipitates/Salts AMR (ANL-EBS-MD-000045)
; Seepage Name: Abstracted THC Seepage Water

; dependent paraneter = log O (i.e., log of C concentration (Mlal))
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2.2.2 In-Drift Chemistry Data (No-Drip Conditions)

In-drift pH under no-dripping conditions is dependent on CO2 fugacity and temperature. No-drip
pH data are contained in file phTabled.data. The contents of this file are shown in Table 8. The
valuesin the first row indicate the number of rows and columns that make up the dependent data
set (pH vaues) in the 2-D look-up table that follows. The next row contains the independent
parameter temperature values. In the remaining rows, the 1% column contains the independent
parameter log CO2 fugacity values. Columns 2, 3, 4, and 5 contain the dependent parameter
values (pH) for temperatures of 25 C, 45 C, 75 C, and 95 C, respectively. The remaining
information in the file below the look-up table (column headings) is not used by PREWAP.

There are no data for Cl under no-dripping conditions; hence the no-drip Cl is hardwired in the
PREWAP code to be equal to the default * does not exist’ value of -9.99E-02.

Table 8. pH Look-Up Table (In-Drift No-Dripping Conditions)

7 4
25 45 75 95
1 441 447 460 470
3 541 549 573 6.02
4 591 603 641 6.70
5 639 657 688 696
6 6.80 692 699 7.00
7 697 699 7.00 7.00
9 700 7.00 7.00 7.00
og

fCO2

2.2.3 In-Package Chemistry Data (Drip and No-Drip Conditions)

In-Package chemistry is dependent upon the waste type (CSNF or CDSP) in the waste package.
Bounding values for the pH and CI are read into PREWAP from the file InPkgChem.dat. The
1% row contains the bounding pH values for CSNF and CDSP, respectively. The 2™ row contains
the bounding Cl value used for both CSNF and CDSP.

Table 9. pH and CI In-Package Chemistry Data

760 9.83
2.014E-04

For CSNF, the in-package chemistry is a function of cladding coverage and seepage flow rate.
Inspection of Figures 4.3 and 4.4 in the In-Package Chemistry Abstraction for TSPA-LA
(CRWMS M&O 2000m) finds that the >1000 year post-breach period has the potential to have
the highest pH within the bounds of the response surface data-set. Using the appropriate equation
from Table 4.6 (CRWMS M& O 2000m) yields the upper bound on pH for CSNF.
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pH = 6.0668 - 0.5395l0g(cc) + 4.0479%

pH = 6.0668 - 0.5395l0g(0.02) +4.0479=Y" Bp 15 == 7 60
Hmm yr

The terms cc and Q represent cladding coverage fraction and flow rate (mm/yr), respectively.
For CDSP the in-package chemistry is a function of relative glass rate and seepage flow rate.
The glass rate is a relative dissolution rate and is described in further detail in the In-Package
Chemistry Abstraction for TSPA-LA (CRWMS M& O 2000m). Inspection of Figures 4.5 and 4.6
in the In-Package Chemistry Abstraction for TSPA-LA (CRWMS M&O 2000m) finds that the
>1000 year post-breach period has the potential to have the highest pH within the bounds of the
response surface data-set. Using the appropriate equation from Table 4.11 (CRWMS M&O
2000m) yields the upper bound on pH for CSNF.

ayr

PH =8.4247 -3 417301 +0.1403GR
m
I 2 .0015™ M Bk 0.1403(10.0) = 9.83

pH =8.4247 - 3.4173Hn—
m yr

The terms Q and GR represent the seepage and glass rate, respectively. A chloride vaue of
2.014E-04 mol/kg (equal to that of J-13 water) is specified for both CSNF and CDSP waste
package (CRWMS M& O 2000m).

2.24 T-H Data

The T-H data sets are broken down into five *bins' based on infiltration rate. Furthermore, there
are separate sets of T-H datafor each infiltration scenario (low, mean, or high). Table 10 shows
the relationship between infiltration bins, infiltration scenario, and the T-H datafiles.

Table 10 Relationship Between Infiltration Bins, Infiltration Scenario, and T-H Data Files

infiltration scenario

infiltration bin

low

mean

high

bin 1 (< 3.4 mm/yr)

CSNF_low_Binl.in
HLW low Binl.in

CSNF_mean_Binl.in
HLW_mean_Binl.in

n/a
n/a

bin 2 (3.4 to 10 mm/yr)

CSNF_low_Bin2.in
HLW low BinZ2.in

CSNF_mean_Bin2.in
HLW mean Bin2.in

CSNF_high_Bin2.in
HLW _high_Bin2.in

bin 3 (10 to 20 mm/yr)

n/a
n/a

CSNF_mean_Bin3.in
HLW mean Bin3.in

CSNF_high_Bin3.in
HLW high Bin3.in

bin 4 (20 to 60 mm/yr)

n/a
n/a

CSNF_mean_Bin4.in
HLW_mean_Bin4.in

CSNF_high_Bin4.in
HLW high Bin4.in

bin 5 (> 60 mm/yr)

n/a
n/a

CSNF_mean_Bin5.in
HLW mean Bin5.in

CSNF_high_Bin5.in
HLW _high_Bin5.in
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Theformat of the T-H filesisillustrated in Table 11.

Table 11 T-H File CSNF_mean_Bin5.in

line(s) T-H file information comment

1 Infiltration Bin: not used

2 ginf > 60.0 mm/yr not used

3 RIP_csnf_d0010500 bin-60_mean not used

4 data column headers (see below) not used

5 The number of Rows = 83 numeric value read in
6 The fraction of this history = 0.000576 numeric value read in
7 Coordinate Location: not used

8 The easting coordinate = 170208.78 m not used

9 The northing coordinate = 234316.70 m not used

10 Infiltration rate: not used

11 ginf = 61.00266 mm/yr not used

12t0 94 T-H data read in

95 The number of Rows = 84 numeric value read in
96 The fraction of this history = 0.000960 numeric value read in
97 Coordinate Location: not used

98 The easting coordinate = 170228.75 m not used

929 The northing coordinate = 234315.60 m not used

100 Infiltration rate: not used

101 ginf = 60.79187 mm/yr not used

102 to 195 T-H data read in

196 The number of Rows = 87 numeric value read in
197 The fraction of this history = 0.001153 numeric value read in
198 Coordinate Location: not used

199 The easting coordinate = 170256.20 m not used

200 The northing coordinate = 234314.20 m not used

201 Infiltration rate: not used

202 ginf = 60.37322 mm/yr not used

203 to 290 T-H data read in

Each T-H data file contains time-histories from zero to one-million years for the following
parameters at a given number of spatial locations:

Waste Package Temperature [C]
Drip Shield Temperature [C]
Drift Wall Temperature [C]
Invert Temperature [C]

Waste Package RH [-]

Drip Shield RH [-]

Drift Wall RH [-]
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Backfill RH [-]

Invert RH [-]

Liquid Saturation at the Drip Shield [-]
Liquid Saturation at the Invert [-]

Air Mass Fraction [-]

Water Vapor Flux at Drift Wall [kg/yr/m of drift]
Air Flux at Drift Wall [kg/yr/m of drift]
Drip Shield Water Evaporation Rate [m3/yr]
Backfill Water Evaporation Rate [m3/yr]
Invert Water Evaporation Rate [m3/yr]
Percolation Flux at 5 m [mm/yr]

Volume flow at the Drip Shield Top [m3/yr]
Volume flow at the Invert [m3/yr]

Top of the Drip Shield Temperature [C]

2.2.5 Input/Output Control Files

The InMaster.in and OutMaster.in files pass file-name information to PREWAP. The 1% row
in InMaster.in contains the number of file names. The remaining rows list the names of the T-H
files that are to be read by PREWAP. OutMaster.in contains the names of the WAPDEG input
filesthat PREWAP results are to be written.

Table 12 InMaster.in File

22
CSNF_low_binl.in
CSNF_low_bin2.in
HLW _low_binl.in
HLW _low_bin2.in
CSNF_mean_binl.in
CSNF_mean_bin2.in
CSNF_mean_hin3.in
CSNF_mean_bin4.in
CSNF_mean_hin5.in
HLW_mean_binl.in
HLW_mean_bin2.in
HLW_mean_bin3.in
HLW_mean_bin4.in
HLW_mean_bin5.in
CSNF_high_bin2.in
CSNF_high_bin3.in
CSNF_high_bin4.in
CSNF_high_bin5.in
HLW _high_bin2.in
HLW _high_bin3.in
HLW _high_bin4.in
HLW __high_bin5.in
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Table 13 OutMaster.in File

CSNF_I ow_bi nl. ou
CSNF_I ow_bi n2. ou
HLW | ow_bi nl. ou

HLW | ow_bi n2. ou

CSNF_nean_bi nl. ou
CSNF_nean_bi n2. ou
CSNF_nean_bi n3. ou
CSNF_nean_bi n4. ou
CSNF_nean_bi n5. ou
HLW nean_bi nl. ou
HLW nean_bi n2. ou
HLW nean_bi n3. ou
HLW nean_bi n4. ou
HLW nean_bi n5. ou
CSNF_hi gh_bi n2. ou
CSNF_hi gh_bi n3. ou
CSNF_hi gh_bi n4. ou
CSNF_hi gh_bi n5. ou
HLW hi gh_bi n2. ou
HLW hi gh_bi n3. ou
HLW hi gh_bi n4. ou
HLW hi gh_bi n5. ou

2.3 DESCRIPTION OF SOFTWARE ROUTINE INCLUDING THE EXECUTION
ENVIRONMENT

2.3.1 Development and Execution Environment

The PREWAP routine is a FORTRAN executable. The code was developed and tested in the
Windows NT 4.0 operating system. It was compiled with Digital FORTRAN Professional 6.0A
as a stand-alone executable (exe) program. The routine operates in a Windows 95/98 or
Windows NT environment

2.3.2 Main Program

The PREWAP program begins by calling a subroutine (ReadM aster Files) that reads in the T-H
input and WAPDEG output file names. Next it cals a subroutine (ReadChemData) to read in
the in-drift chemistry lookup tables and in-package chemistry data. The program then initiates a
loop that calls subroutines that; read in the T-H data, perform the necessary calculations, and
generate the WAPDEG input files.

The program loop first calls a subroutine to count the data sets(CountDataSets) in the selected
T-H file. It then calls a subroutine to alocate arrays (AllocateArays) to hold the data during
processing. Next a subroutine (Readl nputFile) reads the T-H data. The data are then processed
by a subroutine (DoCalculations) that performs the necessary calculations. The next subroutine
(CullDataPoints) checks the data set resulting from the calculations and eliminates (based on a
threshold RH value) those portions that will not contribute to corrosion of the EBS. This
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modified dataset is in turn checked by the AddDataPoints subroutine to determine if minimum
time-step size requirements are met. If they are not, interpolated data points are added back to the
data set between the times that do not meet the minimum time-step requirements. The data set is
then written to an output file by the WriteOutputFile subroutine. Finally it calls a subroutine
(DeallocateArrays) to deadllocate the arrays allocated earlier in the loop.

2.3.4 Subroutine ReadM aster Files

The ReadMasterFiles subroutine opens the files InMaster.in and OutMaster.in. The RH
corrosion limit and the number of T-H and WAPDEG input files are read in. A do-loop is then
initiated that reads in the input file names (T-H files) from InMaster.in and the output file
names (WAPDEG files) from OutM aster .in.

2.3.5 Subroutine ReadChemData

This subroutine reads in the Cl and pH look-up tables from files CLtablel.dat, CLtable2.dat,
Cltable3.dat, pHtablel.dat, pHtable2.dat, pHtable3.dat, and pHtabled.dat. In-package
chemistry data are read in from the file InPkgChem.dat. The data contained in these files are
described Section 2.2.

2.3.6  Subroutine CountDataSets

This subroutine counts the number of data sets in each of the T-H files. It initializes the number
of data sets (hDataSets) counter to 1 and the maximum number of rows (maxRows) variable to
0. The subroutine then reads past the 1% four rows of header information to the 5" row. It then
reads past the header information in row 5 and reads the number of rows listed for that data set.
This value is assigned to the variable rows. It then sets the value of maxRows equal to the
number of rows just read.

The subroutine then reads past the next six rows of header information to the 1% data set. It then
initiates a do-loop that executes rows number of times to read past the 1% data set.

It then begins to read the rest of the file with a do-loop. It reads the 1% header row for the next
data set. If the end of file is reached the subroutine exits the do loop. If not, the subroutine reads
the number of rows in the next data set as rows. It then increments the counter, nDataSets, by 1
and tests to see if the number of rows in this data set is greater than maxrows. If so, maxrowsis
set equal to rows. It then reads through this data set and restarts the loop. This loop is repeated
until the end of file is reached. When the end of file is reached, the subroutine exits the do loop
and closes the data file. The subroutine is then exited back to the main program.

2.3.7  Subroutine AllocateArays

This subroutine sets the bounds on dynamic arrays to match the maximum number of rows
(maxRows) and number of data sets (nDataSets) counted in the subroutine CountDataSets.
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2.3.8 Subroutine ReadlnputFile

This subroutine reads the data from the T-H file to the dynamic arrays established in the previous
subroutine.
2.3.9 Subroutine DoCalculations

This subroutine calculates pH and pH? for the waste package and the drip shield under drip and
no drip conditions. Source Code is included for calculating Cl chemistry, but it is commented
out. It also sets the in-package and barrier interface pH values for drip and no drip conditions.

The subroutine begins with a do-loop that sequentially processes each data set read from the TH
file. Inside this loop is another do-loop that sequentially processes each row of data in the data
set to calculate pH and pH? for the waste package and the drip shield. First it calculates the waste
package pH and pH? for both drip and no drip conditions by calling the InDriftCalc subroutine
using arguments that are specific to the waste package. Next it calculates the drip shield pH and
pH? for both drip and no drip conditions by again calling the InDriftCalc subroutine, but using
arguments that are specific to the drip shield.

After these calculations the subroutine sets the in-package pH for drip conditions for the waste
package to the appropriate bounding value (pH of 7.6 for CSNF, 9.8 for Defense High Level
Waste, and 9.83 for CDSP). It then sets the in-package pH for no-drip conditions equal to the
default ‘ does not exist’ value of -9.99E-02. Values for pH? are calculated from the pH values.

This processis repeated for each row of datain the data set. After all rowsin a data set have been
processed, the code processes the next data set until al data sets have been processed.

2.3.10 SubroutinelnDriftCalc

The InDriftCalc subroutine is called by the DoCalculations subroutine. It performs the pH and
pH? calculations for drip and no drip conditions for each row of data in the data set. The
subroutine begins by first checking to seeif the temperature is less than zero or if the seep rateis
less than —99. If either condition applies, the pH for drip and no drip conditions is set to the
default *does not exist’ value of -9.99E-02. If neither condition applies, the routine calculates 1-
QJ/Qs for the row of data.

An if-then-else statement is used to determine which of the time periods is applicable. Values of
drip and no-drip pH in the >50 year time period are set equal to the default * does not exist’ value
of —9.99E-02. For the remaining time periods, an if-then-else statement is used to determine the
applicable pH data-set based on RH. Table 14 shows the relationships between time periods, RH
ranges, the potential independent parameters, and the pH data-sets.
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Table 14 In-Drift Chemistry

dri applicable
. . rip .
time period RH condition log(fCO2) 1-Qe/Qs T point-value
or data-set
>50 / dro / / / 9.99E-02
rs n/a - n/a nla n/a
y no drip -9.99E-02
drip -9.99E-02
RH < 50 - n/a n/a n/a
no drip -9.99E-02
50 to 1000 50<= RH <=85 arp na / na 940
= = - n/a
° yrs no drip -6.5 T phTable4
drip n/a 1-Q./ n/a hTable2a
RH > 85 . QE QS p
no drip -6.5 n/a T phTable4
drip -9.99E-02
RH < 50 - n/a n/a n/a
no drip -9.99E-02
1000 to 2000 50<= RH <285 | —" na na na 764
° yrs - - no drip -3.0 n/a T phTable4
drip n/a 1-Q./ n/a hTable2b
RH > 85 . Q/Qs P
no drip -3.0 n/a T phTable4
drip -9.99E-02
RH < 50 - n/a n/a n/a
no drip -9.99E-02
2000 to 100,000 50<= RH <=85 | na na na 702
° OODYIS - - no drip 2.0 n/a T phTable4
drip n/a 1-Qe/Qs T hTable3
RH > 85 - Q/Q P
no drip 2.0 n/a T phTable4
drip -9.99E-02
RH < 50 - n/a n/a n/a
no drip -9.99E-02
drip n/a n/a 7.64
<100,000 yrs 50<= RH <=85 -
no drip -3.0 n/a T phTable4
drip 1-Q./Qs n/a hTable2b
RH > 85 - Q/Q P
no drip -3.0 n/a T phTable4

As an example, the subroutine InterplD is used to select pH values from the pH data-sets
phTable2a and phTable2b, while subroutine Inter p2D is used to select pH values from the pH
data-sets phTable3 and phTabled. In Table 14 the independent parameters associated with the
pH data sets are denoted by bold-face type.

After these tests and calculations are performed to determine the values for pH under drip and no
drip conditions, the values for pH? for drip and no drip conditions are calcul ated.

2.3.11 SubroutinelnterplD

This subroutine is called by the InDriftCalc subroutine to interpolate thermophysical properties
such as pH values, from one-dimensional arrays (e.g. phTable2a and phTable2b) created when
the in-drift chemistry data from and phTable2.dat file were read. The subroutine is passed the
value of the independent variable, the independent and dependent variable vectors, and the
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number of rows in the passed vectors. The subroutine passes back the interpolated dependent
variable value.

The subroutine first checks to see if the independent variable value is within the upper and lower
bounds of the independent variable vector. If it is above the upper bound, the dependent variable
value is set equal to its upper bound; if it is below the lower bound the dependent variable is set
equal to its lower bound. If neither condition is met, the subroutine linearly interpolates the
dependent variable value between the independent vector values bounding the independent
variable.

2.3.12 SubroutineInterp2D

This subroutine is called by the InDriftCalc subroutine to interpolate thermophysical properties
such as pH values from two dimensional arrays (e.g. phTable3 and phTabled4) created when the
in-drift chemistry data from the phTable3.dat and phTabled.dat files were read. The subroutine
is passed the values of the two independent variable, the two independent variable vectors, the
dependent variable array, and the number of rows and columns passed array. The subroutine
passes back the interpolated dependent variable value.

This subroutine first checks the value of the 1% independent variable to see if it is within the
range of the 1% independent variable vector. If it is outside the range of the independent vector, a
flag is set denoting whether it is above or below the range of the 1% independent vector. If the
value of the 1% independent variable is within the range of the 1% independent vector, the
subroutine loops through the 1% independent vector to identify the first row where the value of
the 1% independent vector isless than the 1% independent variable.

Next the subroutine checks the value of the 2™ independent variable to see if it is within the
range of the 2™ independent variable vector. If it is outside the range of the independent vector, a
flag is set denoting whether it is above or below the range of the 2™ independent vector. If the
value of the 2" independent variable is within the range of the 2™ independent vector, the
subroutine loops through the 2" independent vector to identify the first row where the value of
the 2" independent vector is less than the 2™ independent variable.

The subroutine then checks to see if the 1% independent variable lower bound flag is set. If so, it
then checks to see if the 2™ independent variable lower or upper bound flag is set. If this
condition is satisfied, the dependent variable is assigned the value of the applicable corner point
in the 2D array. If the 2" independent variable is within the bounds of the 2™ independent
vector, the subroutine linearly interpolates the dependent variable value between the 2™
independent vector values bounding the independent variable (i.e. aong the lower edge of the
array).

If the 1% independent variable is not outside the lower bound, the same process is repeated to
determine if it is outside the upper bound. If this condition is satisfied, the dependent variable is
set to the value at the upper corner points of the array or along the upper edge of the array.
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The same logic is then repeated to identify values that are outside the upper and l